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(1) REAL PARTY IN INTEREST 

The real parties in interest in the present pending appeal are Vlaams Interuniversitair 
Instituut Voor Biotechnolgie VZW and Valtion Teknillinen Tukimuskeskus, assignees of the 
pending application as recorded with the United States Patent and Trademark Examiner on May, 
2005, at Reel 016715, Frame 0520. 

(2) RELATED APPEALS AND INTERFERENCES 

Neither the Appellants, the Appellants' representative, nor the Assignees are aware of any 
pending appeal or interference which would directly affect, be directly affected by, or have any 
bearing on the Board's decision in the present pending appeal. 

(3) STATUS OF THE CLAIMS 

Claim 14 was cancelled without prejudice or disclaimer. 
Claims 1-13, 16-19, and 22-24 stand rejected. 
Claims 15, 20, and 21 are allowed. 

The rejections of claims 1-13, 16-19, and 22-24 are being appealed. 

(4) STATUS OF AMENDMENTS 

The appellants' amendments filed November 21, 2008 have been entered. 

(5) SUMMARY OF CLAIMED SUBJECT MATTER 

Independent claim 1 recites "a method of inducing or enhancing production of at least one 

secondary metabolite by plant cells, said method comprising: transforming plant cells with an 

expression vector comprising an expression cassette comprising a gene encoding an 

ABC-transporter; wherein said ABC-transporter comprises a Walker A box, a Walker B box, and 

a Nucleotide Binding Fold; wherein said ABC-transporter functions to transport at least one 

secondary metabolite in plant cells; selecting transformed plant cells having an induced or 

enhanced production of at least one secondary metabolite; and propagating such selected 

transformed plant cells." Support for "a method of inducing or enhancing production of at least 

one secondary metabolite by plant cells" can be found at, for example, page 5, lines 16-22. 

Support for "transforming plant cells with an expression vector comprising an expression 
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cassette comprising a gene encoding an ABC-transporter" can be found at, for example, page 10, 
lines 7-12 of the Specification. Support for "wherein said ABC-transporter comprises a Walker 
A box, a Walker B box, and a Nucleotide Binding Fold," can be found at, for example, page 10, 
lines 18-26 of the Specification. Support for "wherein said ABC-transporter functions to 
transport at least one secondary metabolite in plant cells" can be found at, for example, page 5, 
lines 22-6, and page 10, lines 7-12 of the Specification, And support for "selecting transformed 
plant cells having an induced or enhanced production of at least one secondary metabolite; and 
propagating such selected transformed plant cells" can be found at, for example, page 14, lines 2- 
4. Support for these elements combined in the manner recited in claim 1 can be found at, for 
example, page 13, line 28 through page 14, line 4 of the Specification. 

Independent claim 7 recites, "A method of stimulating the production of secondary 
metabolites by plants, the method comprising: transforming said plants with an expression vector 
comprising an expression cassette comprising a gene encoding an ABC-transporter; wherein said 
ABC-transporter comprises a Walker A box, a Walker B box, and a Nucleotide Binding Fold; 
and wherein said ABC-transporter functions to transport at least one secondary metabolite in 
plant cells; selecting transformed plants based upon enhanced production of secondary 
metabolites; and propagating such selected transformed plants." Support for "a method of 
stimulating the production of at least one secondary metabolite by plant cells" can be found at, 
for example, page 5, lines 16-22. Support for "transforming said plants with an expression 
vector comprising an expression cassette comprising a gene encoding an ABC-transporter" can 
be found at, for example, page 10, lines 7-12 of the Specification. Support for "wherein said 
ABC-transporter comprises a Walker A box, a Walker B box, and a Nucleotide Binding Fold," 
can be found at, for example, page 10, lines 18-26 of the Specification. Support for "wherein 
said ABC-transporter functions to transport at least one secondary metabolite in plant cells" can 
be found at, for example, page 5, lines 22-6, and page 10, lines 7-12 of the Specification. And 
support for "selecting transformed plants based upon enhanced production of secondary 
metabolites; and propagating such selected transformed plant cells" can be found at, for example, 
page 14, lines 2-4. Support for these elements combined in the manner recited in claim 1 can be 
found at, for example, page 13, line 28 through page 14, line 4 of the Specification. 
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Independent claim 10 recites, "A transgenic plant cell culture displaying an enhanced 
production of at least one secondary metabolite, wherein said transgenic plant cell is transfomied 
with an expression vector comprising an expression cassette comprising a gene encoding an 
ABC-transporter; wherein said ABC-transporter comprises a Walker A box, a Walker B box, and 
a Nucleotide Binding Fold; and wherein said ABC-transporter functions to transport at least one 
secondary metabolite in plant cells." 

Support for "A transgenic plant cell culture displaying an enhanced production of at least 
one secondary metabolite" can be found at, for example, page 4, lines 10-12, and page 12, lines 
11-13 of the Specification. Support for "wherein said transgenic plant cell is transformed with an 
expression vector comprising an expression cassette comprising a gene encoding an 
ABC-transporter" can be found at, for example, page 10, lines 7-12 of the Specification. Support 
for "wherein said ABC-transporter comprises a Walker A box, a Walker B box, and a Nucleotide 
Binding Fold," can be found at, for example, page 10, lines 18-26 of the Specification. Support 
for "wherein said ABC-transporter functions to transport at least one secondary metabolite in 
plant cells" can be found at, for example, page 5, lines 22-6, and page 10, lines 7-12 of the 
Specification. Support for these elements combined in the manner recited in claim 10 can be 
found at, for example, page 10, lines 3-6 of the Specification. 

Independent claim 12 recites, "A transgenic plant material selected from the group 
consisting of a plant, plant cells, plant seeds and plant progeny, said transgenic plant material 
capable of an enhanced production of at least one secondary metabolite, said transgenic plant 
material transformed with an expression vector comprising an expression cassette comprising a 
gene encoding an ABC-transporter; wherein said ABC-transporter comprises a Walker A box, a 
Walker B box, and a Nucleotide Binding Fold; and wherein said ABC-transporter functions to 
transport at least one secondary metabolite in plant cells." Support for "A transgenic plant 
material selected from the group consisting of a plant, plant cells, plant seeds and plant progeny" 
can be found at, for example, page 12, line 37 through page 14, line 4 and page 19, lines 20-31 of 
the Specification. Support for "said transgenic plant material capable of an enhanced production 
of at least one secondary metabolite" can be found at, for example, page 19, lines 20-23, page 4, 
lines 10-12, and page 12, lines 11-13 of the Specification. Support for "said transgenic plant 
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material transformed with an expression vector comprising an expression cassette comprising a 
gene encoding an ABC-transporter" can be found at, for example, page 10, lines 7-12 of the 
Specification. Support for "wherein said ABC-transporter comprises a Walker A box, a Walker 
B box, and a Nucleotide Binding Fold," can be found at, for example, page 10, lines 18-26 of the 
Specification. Support for "wherein said ABC-transporter functions to transport at least one 
secondary metabolite in plant cells" can be found at, for example, page 5, lines 22-6, and page 
10, lines 7-12 of the Specification. Support for these elements combined in the manner recited in 
claim 12 can be found at, for example, page 10, lines 3-6, page 12, line 37 through page 14, line 
4, and page 19, Hnes 20-31 of the Specification. 

Independent claim 16 recites, "A process for producing a plant cell exhibiting an 
enhanced production of at least one secondary metabolite, said process comprising: transforming 
a plant cell with an expression cassette comprising a gene encoding an ABC-transporter; wherein 
said ABC-transporter comprises a Walker A box, a Walker B box, and a Nucleotide Binding 
Fold; wherein said ABC-transporter functions to transport at least one secondary metabolite in 
plant cells; and selecting transformed plant cells exhibiting enhanced transport of said at least 
one secondary metabolite into a vacuole." Support for "A process for producing a plant cell 
exhibiting an enhanced production of at least one secondary metabolite" can be found at, for 
example, page 4, lines 10-12, page 12, lines 11-13, page 12, line 37 through page 14, line 4 and 
page 19, lines 20-31 of the Specification. Support for "said process comprising: transforming a 
plant cell with an expression cassette comprising a gene encoding an ABC-transporter" can be 
found at, for example, page 10, lines 7-12 of the Specification. Support for "wherein said ABC- 
transporter comprises a Walker A box, a Walker B box, and a Nucleotide Binding Fold," can be 
found at, for example, page 10, lines 18-26 of the Specification. Support for "wherein said ABC- 
transporter functions to transport at least one secondary metabolite in plant cells" can be found 
at, for example, page 5, lines 22-6, and page 10, lines 7-12 of the Specification. Support for 
"selecting transformed plant cells exhibiting enhanced transport of said at least one secondary 
metabolite into a vacuole" can be found at, for example, page 16, line 20 through page 17, line 
22 of the Specification. Support for these elements combined in the manner recited in claim 16 
can be found at, for example, page 10, lines 3-6, page 12, line 37 through page 14, line 4, and 
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page 19, lines 20-31 of the Specification. 

Independent claim 19 recites "An isolated polynucleotide useful for producing a plant cell 
exhibiting an enhanced production of at least one secondary metabolite, said isolated 
polynucleotide comprising: a first sequence of nucleotide bases constituting a means for inducing 
or enhancing production of at least one secondary metabolite in plants or plant cells, and a 
second sequence of nucleotides bases, operatively positioned with respect to said first sequence, 
constituting a means for promoting expression of said first sequence. Support for "An isolated 
polynucleotide useful for producing a plant cell exhibiting an enhanced production of at least one 
secondary metabolite, can be found at, for example, page 20, lines 12-28 of the Specification. 
Support for "said isolated polynucleotide comprising: a first sequence of nucleotide bases 
constituting a means for inducing or enhancing production of at least one secondary metabolite in 
plants or plant cells" can be found at, for example, page 10, lines 7 through page 12, line 6 and 
page 20, lines 12-28 of the Specification. Support for "and a second sequence of nucleotides 
bases, operatively positioned with respect to said first sequence, constituting a means for 
promoting expression of said first sequence," can be found at, for example, page 5, line 27 
through page 7, line 15 of the Specification. Support for these elements combined in the manner 
recited in claim 16 can be found at, for example, page 10, lines 3-6, page 12, line 37 through 
page 14, line 4, and page 19, lines 20-31 of the Specification. 

Independent claim 22 recites "A method of inducing or enliancing production or cellular 
secretion of at least one endogenous secondary metabolite by a plant cell, the method comprising: 
transforming the plant cell with an expression vector comprising an expression cassette 
comprising a gene encoding an ABC-transporter, wherein said ABC-transporter comprises a 
Walker A box, a Walker B box, and a Nucleotide Binding Fold, and functions to transport at 
least one secondary metabolite in plant cells; wherein the secondary metabolite is an endogenous 
metabolic product of the plant cell, and is transported from the cell to the extracellular space; 
wherein the amount of secondary metabolite recoverable from the cell is increased; selecting a 
transformed plant cell having an induced or enhanced production of at least one secondary 
metabolite; and propagating such selected transformed plant cell. Support for "A method of 
inducing or enhancing production or cellular secretion of at least one endogenous secondary 
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metabolite by a plant cell, page 5, lines 16-26 of the Specification, Support for "transforming the 
plant cell with an expression vector comprising an expression cassette comprising a gene 
encoding an ABC-transporter, wherein said ABC-transporter comprises a Walker A box, a 
Walker B box, and a Nucleotide Binding Fold, and functions to transport at least one secondary 
metabolite in plant cells" can be found at, for example, page 10, lines 7-12, page 10, lines 18-26, 
and page 5, lines 22-26 of the Specification. Support for "wherein the secondary metabolite is an 
endogenous metabolic product of the plant cell, and is transported from the cell to the 
extracellular space," can be found at, for example, page 9, lines 1-22, and page 13, line 25 
through page 14, line 12 of the Specification. Support for these elements combined in the 
manner recited in claim 16 can be found at, for example, page 10, lines 3-6, page 12, line 37 
through page 14, line 4, and page 19, lines 20-31 of the Specification. 

(6) GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

A. Whether claims 1-13, 16-19, and 22-24 are unpatentable under 35 U.S.C. § 103(a) 
over Rea et al (WO 98/2 1 938) (hereinafter "Rea")? 

B. Whether claims 1-13, 16-19, and 22-24 are unpatentable under 35 U.S.C. § 103(a) 
over Theodoulou (Biochmica et Biophysica Acta; 2000, 1465, pp. 79-103) (hereinafter 
"Theodoulou") in view of Dudler et al (Journal of Biological Chemistry; 25 March 1992, Vol. 
267, No. 9, pp. 5582-5588) (hereinafter "Dudler") and Sidler et al (The Plant Cell, 10:1623- 
1636) (hereinafter "Sidler")? 
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(7) ARGUMENT 

A. Claims 1-13 and 16-19 and 22-24 are not obvious under 35 U.S.C. S 103(a) in view of Rea. 

Alleged basis of rejection 

Claims 1-13, 16-19, and 22-24 stand rejected under 35 U.S.C. § 103(a) as assertedly 
being unpatentable over Rea. Rea describes the transport of secondary metabolites by an ABC 
transporter into the vacuole. The Examiner Action of February 26, 2008, states that "[o]ne of 
ordinary skill would have been motivated by the teachings of Rea that both alkaloid and a 
pigment could be targeted to a plant vacuole for increased transport using a plant GS-X ABC 
transporter, [and] would have a reasonable expectation of success in screening for increases in 
either secretion or production into the vacuole of either anthocyanin or medicarpin. . 

The Final Examiner Action of September 22, 2008, asserts, at page 4, that "[w]hen a 
metabolite is sequestered away from the cytosol it is protected from oxidation and thus the 
secretion to the vacuole will result in enhanced production as recited in the claim." The 
Examiner further cites ^ [0043] of the appellants' Specification, which teaches that "[a]n 
enhanced production of a secondary metabolite can result in a higher level of secondary 
metabolites in the plant, for example in the vacuole." 

In the Advisory Actions of January 2, 2009 and February 4, 2009, the Examiner further 
argues that this section of 1[ [0043] "defines production as an increased level of detection in the 
vacuole." 

Rea does not teach selecting transformed plant cells having an induced or enhanced 
production of a secondary metabolite. 

Claims 1, 7, and 22 each require a selection step where a cell having increased production 
of a secondary metabolite is selected and then propagated. Specifically, claim 1 recites "selecting 
transformed plant cells having an induced or enhanced production of at least one secondary 
metabolite; and propagating such selected transformed plant cells;" claim 7 recites "selecting 
transformed plants based upon enhanced production of secondary metabolites; and propagating 
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such selected transfomied plants;" and claim 22 recites "selecting a transfomied plant cell having 
an induced or enhanced production of at least one secondary metabolite; and propagating such 
selected transformed plant cell." 

Rea does not teach the selecting cells on the basis of increased production or propagating 
such cells once they have been selected. Consequently, claims 1, 7, 22, and the claims depended 
therefrom cannot be considered obvious over Rea as neither Rea, nor the inferences and creative 
steps a person of ordinary skill in the art would have employed at the time of the invention, teach 
or suggest selecting cells on the basis of increased production or propagating such cells once they 
have been selected. 

Rea does not teach enhanced production of a secondary metabolite by the plant 

To establish a prima facie case of obviousness, the prior art itself or "the inferences and 
creative steps that a person of ordinary skill in the art would [have] employ[ed]" at the time of 
the invention are to have taught or suggested the claim elements. Additionally, the Examiner 
must determine whether there is "an apparent reason to combine the known elements in the 
fashion claimed by the patent at issue." KSR InH Co. v. Teleflex Inc, 127 S. Ct. 1727, 1740- 
1741, 167 L.Ed.2d 705, 75 USLW 4289, 82 U.S.P.Q.2d 1385 (2007). Further, rejections on 
obviousness grounds "cannot be sustained by mere conclusory statements; instead, there must be 
some articulated reasoning with some rational underpinning to support the legal conclusion of 
obviousness." at 1741, quoting In re Kahn, 441, F.3d 977, 988 (Fed. Cir. 2006). "Often, it 
will be necessary for a [fact finder] to look to interrelated teachings of multiple patents; the 
effects of demands known to the design community or present in the marketplace; and the 
background knowledge possessed by a person having ordinary skill in the art, all in order to 
determine whether there was an apparent reason to combine the known elements in the fashion 
claimed .... To facilitate review, this analysis should be made explicit." Id. Furthermore, to 
establish a prima facie case of obviousness there must have been a reasonable expectation of 
success. M.P.E.P, § 2143.02. Underlying the obvious determination is the fact that statutorily 
prohibited hindsight cannot be used. KSR, 127 S.Ct. at 1742. 

Appellants respectfully submit that Rea does not teach enhanced production of a 
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secondary metabolite by a plant resulting from expression of an ABC transporter comprising a 
Walker A box, a Walker B box, and a Nucleotide Binding Fold as required in independent claims 
1, 7, 10, 12, 16, and 22. Applicants do not understand what was meant by the Examiner's use of 
"production into the vacuole." 

"Production" is defined in paragraph [0043] of the as filed Specification, to wit: "to 
enhance the production" means that the level of a given metabolite in a transformed plant is 
enhanced by at least 20% relative to the level of the secondary metabolite in the untransformed 
plant. This definition is consistent with the common usage of the term "production" in the art. 
Further in paragraph [0043], it is recited that "[a]n enhanced production of a secondary 
metabolite can result in a detection of a higher level of secondary metabolites in the plant, for 
example in the vacuole." This statement however does not give "production" a contrary meaning 
to its common usage or its definition in the Specification. For example, a plant exhibiting 
enhanced production of a secondary metabolite may also exhibit a higher level of that metabolite 
in the vacuole. It does not necessarily follow, however, that simply because a transfomied plant 
exhibited a higher level of a secondary metabolite in a vacuole, that the plant exhibits enhanced 
production of that metabolite. Thus, contrary to the conclusion reached by the Examiner, 
increased transport into the vacuole is not necessarily indicative of increased production as 
defined by appellants' Specification. 

Original claim 4 further discredits the Examiner's view regarding increased production as 
defined by the Specification. Original claim 4 recites "[t]he method according to claim 1 
wherein the induction or enhancement of the production of at least one secondary metabolite by 
plant cells results from enhancing the transport of said secondary metabolite into a vacuole." 
Claim 4 thus indicates that increased production can result from transport into the vacuole. This 
is contrary to the Examiner's interpretation that increased transport into the vacuole is increased 
production. If, as asserted by the Examiner, increased transport into the vacuole is increased 
"production," claim 4 would have no meaning. Increased levels of the secondary metabolite in 
the vacuole would then mean that increased production had already been accomplished and 
therefore increased production could not then result from the increased sequestration in the 
vacuole as required by claim 4. 

Page 10 of 28 



Serial No. 10/666,778 

Claim 4 is meant to describe the situation where there is a feedback inhibition loop in the 
cytosol wherein levels of the secondary metabolite in the cytosol prevent any further production 
of the secondary metabolite. If levels of the secondary metabolite in the cytosol are lowered by 
transport into the vacuole, the feedback inhibition would be ameliorated and production of the 
secondary metabolite could again proceed thus increasing the overall production of the secondary 
metabolite. 

Rea does not describe the resulting increased production of the secondary metabolite in 
the cell Rea only describes a situation where an increased level of a vacuolar transporter leads to 
increased transport of a secondary metabolite into the vacuole. Rea does not indicate anywhere 
that intracellular levels of the secondary metabolite are thus increased, only that they are more 
efficiently moved from one location within the cell to another. 

In summary, increased levels of a secondary metabolite in a vacuole are not equivalent to 
increased production of the secondary metabolite as borne out by appellants' Specification and 
original claim 4. Further, neither Rea, nor the inferences and creative steps a person of ordinary 
skill in the art would have employed at the time of the invention, teach or suggest that increased 
levels of a ABC transporter would lead to increased production of a secondary metabolite as 
claimed. 

Rea does not teach a first sequence of nucleotide bases constituting a means for inducing or 
enhancing production of at least one secondary metabolite in plants or plant cells 

Independent claim 1 9 requires "a first sequence of nucleotide bases constituting a means 
for inducing or enhancing production of at least one secondary metabolite in plants or plant 
cells." Rea does not describe such a sequence of nucleotide bases. As described supra, Rea 
teaches nucleotides sequences encoding proteins that have the ability to move a substrate from 
the cytosol to the vacuole. However, Rea does not describe that, as a consequence of that 
particular movement of the substrate, increased levels of a secondary metabolite are produced. 
Thus Rea cannot be said to teach such a sequence. Consequently, claim 19 cannot be considered 
obvious over Rea as neither Rea, nor the inferences and creative steps a person of ordinary skill 
in the art would have employed at the time of the invention, teach or suggest a sequence of 
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nucleotide bases constituting a means for inducing or enhancing production of at least one 
secondary metabolite in plants or plant cells. 

For at least the foregoing reasons, appellants respectfully request the withdrawal of the rejections 
of 1, 7, 10, 12, 16, 19, and 22, and the claims dependent therefrom (claims 2-6, 8, 9, 11, 13, 17, 
18, 23, and 24) under 35 U.S.C. § 103(a) in view of Rea. 

B. Claims 1-13 and 16-19 and 22-24 are not obvious under 35 US.C> $ 103(a) over Theodoulou 
in view of Dudler and Sidler. 

Alleged basis of rejection 

Claims 1-13, 16-19, and 22-24 stand rejected under 35 U.S.C. § 103(a) as assertedly 
being unpatentable over Theodoulou in view of Dudler and Sidler. Theodoulou assertedly 
teaches that ABC transporter genes from plants have a strong similarity to MDR proteins from 
other species and suggests a role of the plant homologs in secretion or sequestering of vinca 
alkaloid and the alkaloid taxol and suggests a strategy for screening transformed plants and plant 
cells for determining the specific transport function. Examiner Action of February 14, 2007, at 
page 4. 

The Examiner assets that Dudler teaches an MDR like gene (^^PGPl) from Arabidopsis, 
having characteristics of ABC transporters and suggests testing to identify substrates. Examiner 
Action of July 31, 2007, at page 5. The Examiner further asserts that Sidler teaches 
transformation of Arabidopsis with the AtPGV\ gene of Dudler where overexpression {Le. 
secretion to the plasmalemma) resulted in an increase in hypocotyl length and strongly suggests a 
transport process. Id. The Examiner further asserts that it is well known in the art that hypocotyl 
elongation is a response to auxin, which is a secondary metabolite. Examiner Action of February 
26, 2008, at pages 7 and 8. 

In the Examiner Action of February 26, 2008, the Examiner asserts, on pages 6 and 7, that 
"[i]t would have been obvious at the time of Applicant's filing to take any ABC transporter gene 
that encoded a protein that had similar structural motifs to the human MDR ABC transporter and 
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test for induced or enhanced production or secretion of any secondary metabolite such as vinca 
alkaloid or taxol to determine the function of the plant MDR homologue." 

The Examiner further asserts that the state of the art suggests and was actively involved in 
isolating, characterizing, Le, selecting for expression above wildtype including vacuolar 
accumulation, and transforming said ABC transporter genes into plants. Id. at pages 7 and 8. 
The Examiner goes on to assert that "increased expression of AtPGPl and the increase in 
hypocotyls elongation observed in Sidler, combined with the knowledge of the structure of 
AtPGPl as an ABC transporter, it would be well understood by one of ordinary skill that 
increased expression of AtPGPl would result in the increased transport of a secondary 
metabolite. 

Theodoulou in view of Dudler and Sidler does not teach selecting transformed plant cells 
having an induced or enhanced production of a secondary metabolite. 

Claims 1, 7, and 22 each require a selection step where a cell having increased production 
of a secondary metabolite is selected and then propagated. Specifically, claim 1 recites "selecting 
transformed plant cells having an induced or enhanced production of at least one secondary 
metabolite; and propagating such selected transformed plant cells;" claim 7 recites "selecting 
transformed plants based upon enhanced production of secondary metabolites; and propagating 
such selected transformed plants;" and claim 22 recites "selecting a transformed plant cell having 
an induced or enhanced production of at least one secondary metabolite; and propagating such 
selected transformed plant cell." 

The references do not teach the selecting cells on the basis of increased production or 
propagating such cells once they have been selected. Consequently, claims 1, 7, 22, and the 
claims depended therefrom cannot be considered obvious over the references as neither the 
references, nor the inferences and creative steps a person of ordinary skill in the art would have 
employed at the time of the invention, teach or suggest selecting cells on the basis of increased 
production or propagating such cells once they have been selected. 
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For at least the foregoing reasons, appellants respectfully request the withdrawal of the 
rejections of 1, 7, 10, 12, 16, 19, and 22, and the claims dependent therefrom (claims 2-6, 8, 9, 
11, 13, 17, 18, 23, and 24) under 35 U.S.C. § 103(a) in view of the references. 

Theodoulou in view of Dudler and Sidler does not teach enhanced production of a 
secondary metabolite 

Applicants respectfully submit that the claims cannot be obvious over Theodoulou in 
view of Dudler and Sidler (hereinafter "the references") as the references do not teach or suggest 
each and every claim element. Specifically, the independent claims are directed to "inducing or 
enhancing production of at least one secondary metabolite" (claim 1); "stimulating the 
production of secondary metabolites" (claim 7); "a transgenic plant cell culture displaying an 
enhanced production of at least one secondary metabolite" (claim 10); "transgenic plant material 
capable of an enhanced production of at least one secondary metabolite" (claim 12); "a plant cell 
exhibiting an enhanced production of at least one secondary metabohte" (claim 16); and "a 
transformed plant cell having an induced or enhanced production of at least one secondary 
metabolite." Thus, all of the rejected independent claims recite, in one form or another, that 
there is induced or enhanced production of a secondary metabolite. Further, each of these claims 
ties that induced or enhanced production to the presence of an exogenously provided ABC 
transporter. Applicants assert that the references do not teach induced or enhanced production of 
secondary metabolite tied to the expression of an exogenously provided ABC transporter. 

At most, the references relate to the concept that ABC transporters are capable of 
transporting secondary metabolites across membranes. Theodoulou suggests screening MDR 
like genes for determining the specific transport function. Dudler suggests that AtPGPl is a 
transporter and further suggests testing for determining what the substrates of AtPGPl are. 
Sidler, according to the Examiner, strongly suggests a transport function for a hypocotyl length- 
increasing compound. Furthermore, Sidler specifically refers separately to the transport {i.e. 
secretion) of the unknown hypocotyl length-increasing compound and the production of that 
compound. As Sidler states in the portion of the discussion entitled, "How May AtPGPl Affect 
Hypocotyl Length?": 
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An attractive hypothesis is that the AtPGPl protein is involved in the transport of 
such a signal. A conceivable function of AtPGPl would therefore be the export 
of a hormone-like compound from the shoot apical region that would regulate 
hypocotyl cell length. The production of this compound would be under the 
control of the light fluence rate perceived by the cotyledons and possibly other, yet 
unknown factors, whereas its export would be mediated by the constitutive 
AtPGPl exporter. Sidlere^ a/., at 1631. 

This passage unarguably shows that Sidler does not suggest the ABC transporter described by 
their work is involved in the production of a secondary metabolite. In fact, Sidler specifically 
teaches away from a role for AtPGPl in the production of the secondary metabolite and ascribes 
that function to other factors while reserving export for AtPGPl. 

Dudler provides further direction to one of skill in the art that plant ABC transporters are 
involved in transport, as opposed to production. With respect to members of the ABC 
transporter family, in general, Dudler hypothesizes, "it seems likely that they are all involved in 
some transport process." Dudler, at 5888. With regard to mammalian P-glycoproteins, they 
state, "[t]he normal function of these proteins is not known, but it has been hypothesized that it 
may be the elimination of toxic metabolic or xenobiotic substances." Id,, at 5888. Finally, 
Dudler et aL can only conclude from their research that plant ABC transporters are likely to also 
be involved in transport processes. "[T]he fact that the Arabidopsis protein exhibits the highest 
sequence similarity to the mammalian P-glycoproteins may suggest that functional aspects are 
also conserved. Thus, the atpgpl gene product may be involved in the extrusion of toxic 
metabolic and xenobiotic compounds from cells." Id,, at 5888. 

Further, while the references may suggest a role in transport or secretion for ABC 

transporters, none of these teachings indicates that an ABC transporter may induce or enhance 

the actual production of a secondary metabolite. As delineated by appellants' specification, 

production and secretion are separate processes. "Enhanced production" is defined at paragraph 

[0043] of the Specification as published; to wit: 

By the term "to enhance the production" it is meant that the level of one or more 
metabolites may be enhanced by at least 20%, 30%, 40%, 50%, 60%, 70%, 80%, 
90% or at least 100% relative to the untransformed plant which was used to 
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transform with an expression vector comprising an expression cassette further 
comprising a gene coding for a transporter or an ABC-transporter. 

"Enhanced secretion" is defined at paragraph [0032] of the Specification as pubHshed; to wit: 

An "enhanced secretion of at least one secondary metabolite" means that there 
exists already a detectable secretion of the secondary metabolite(s) in the 
extracellular medium of the plant cell culture and that an increase of the secondary 
metabolite(s) can be measured by at least 20%, 30%, 40%, 50%, 60%), 70%, 80%, 
90% or more than 90% compared to basal secretion by the untransformed plant 
cell culture. An "enhanced secretion" does not necessarily mean that there is a 
higher production, it can also mean that there exists the same level of production 
but that the secretion is enhanced. 

Thus, the Specification clearly delineates production and secretion as separate processes . 
Applicants respectfully submit that the sections of paragraph [0043] cited by the Examiner 
indicate that increased production may lead to increased secretion, but also indicate that 
increased secretion can happen in the absence of increased production. 

Applicants further note that claim 1 recites "selecting transformed plant cells having an 
induced or enhanced production of at least one secondary metabolite;" claim 7 recites "selecting 
transformed plants based upon enhanced production of secondary metabolites;" and claim 22 
recites "selecting a transformed plant cell having an induced or enhanced production of at least 
one secondary metabolite." Applicants respectfully submit that the references do not teach 
selecting the transformed cells by any of the criteria provided for in these claims, to wit: induced 
or enhanced production of a secondary metabolite. Theodolou is a review article and provides no 
teaching of how to select transformed cells based on production. Sidler teaches the selection of 
transgenic plants by kanamycin resistance (page 1634, column 1, 1st pargraph). Dudler teaches 
the isolation of the AtPGP gene, but never produces cells expressing the gene and therefore 
engages in no selection of transformed cells. As such, applicants respectfully submit that the 
references do not teach selecting transformed cells based on production. 

Applicants respectfully submit there is not a single demonstration or a suggestion in the 

cited art that teaches a skilled person that, in order to obtain increased production of a secondary 

metabolite in a plant, it suffices to transform the plant with an ABC transporter. Restated, there 
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is no teaching or suggestion that transporting secondary metabohtes will obviously result in their 
increased production. Applicants note that secondary metabolites are often toxic for plants. 
However, it has not been demonstrated or suggested that removing toxic compounds via ABC 
transporters will result in a higher production of such toxic compounds. 

Theodoulou in view of Dudler and Sidler does not teach a first sequence of nucleotide bases 
constituting a means for inducing or enhancing production of at least one secondary 
metabolite in plants or plant cells 

Independent claim 19 requires "a first sequence of nucleotide bases constituting a means 
for inducing or enhancing production of at least one secondary metabolite in plants or plant 
cells." The references do not describe such a sequence of nucleotide bases. As described supra, 
the references teach a nucleotides sequences that leads to hypocotyl elongation. However, the 
references do not describe that, as a consequence of transfection of such nucleotide sequences, 
increased levels of a secondary metabolite are produced. Thus the references cannot be said to 
teach such a sequence. Consequently, claim 19 cannot be considered obvious over the references 
as neither the references, nor the inferences and creative steps a person of ordinary skill in the art 
would have employed at the time of the invention, teach or suggest a sequence of nucleotide 
bases constituting a means for inducing or enhancing production of at least one secondary 
metabolite in plants or plant cells. 

Declaration of Alain Gossens 

Applicants note that the PTO is subject to the Administrative Procedures Act and thus 

their conclusions must be supported by substantial evidence. See, e.g., Dickinson v. Zurko 527 

U.S. 150 (1999); and In re Sang-Su Lee , 277 F.3d 1338 (C.A.Fed.,2002). 

As applied to the determination of patentability vel non when the issue is 
obviousness, "it is fundamental that rejections under 35 U.S.C. § 103 must be 
based on evidence comprehended by the language of that section." In re Grasselli. 
713 F.2d 731, 739, 218 USPQ 769, 775 (Fed.Cir.1983). The essential factual 
evidence on the issue of obviousness is set forth in Graham v. John Deere Co.. 
383 U.S. 1, 17-18, 86 S.Ct. 684, 15 L.Ed.2d 545, 148 USPQ 459, 467 (1966) and 
extensive ensuing precedent. In re Sang Su Lee at 1342 -1343. 
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Applicants submit that determinations of a reasonable expectation of success and 
unexpected results are part of the factual inquiries underlying a legal determination of 
obviousness and "must be based on objective evidence of record." Id, at 1343; see also. In re 
Kotzab (217 F.3d 1365, 1369 (Fed, Cir. 2000)) and In re Merck & Co.. Inc. (800 F.2d 1091, 1097 
(Fed. Cir. 1986)). Applicants note that the evidence of record in the present application consists 
of the materials supplied in applicants IDS, the Declaration of Dr. Alain Goossens, as well as the 
references which are cited by the Examiner as basis for the obviousness rejection of claims. 

Applicants submit that the references, in and of themselves, make no determination as to 
whether the claims of the present application embody unexpected results. Any interpretation, 
argument, or finding by the Examiner as to what those references may or may not teach in 
relation to the claims at issue is based on the subjective belief of the Examiner and thus cannot 
be considered evidence of record. 

In contrast, the sworn Declaration of Dr. Alain Goossens, evidence of record which must 
be considered by the Patent and Trademark Examiner ( In re Sullivan . 498 F.3d 1345, 1351 (Fed. 
Cir. 2007)) makes clear statements regarding the unexpected nature of the results embodied in 
the pending claims. Declaration of Dr. Alain Goossens at point 6. In addition, and as noted in 
the Declaration of Alain Goossens, these statements are based upon experimental data that is 
also, by virtue of being included in the Declaration, evidence of record. Applicants note that the 
Examiner has provided no evidence of record, other than the references cited above, to rebut the 
statement of unexpected results presented in the Declaration of Dr. Alain Goossens. As noted 
supra, the above cited references do not teach that increased production of a secondary 
metabolite would be an expected result of transforming a plant cell with an ABC transporter. 

Thus, when viewed as a whole (as required under M.P.E.P. § 2141.02(VI)), the evidence 
of record, through clear and unambiguous statements therein, weighs for a finding that the 
pending claims embody unexpected results. 

In view of the foregoing, applicants respectfully submit that there is a clear legal and 
factual deficiency in the rejection of the present claims as the evidence of record, which must 
form the basis of any agency decision, provides a conclusion of non-obviousness through a direct 
finding of unexpected results and no reasonable expectation of success. Furthermore, applicants 

Page 18 of 28 



Serial No. 10/666,778 

submit that there is no other evidence of record that makes direct statements contravening the 
explicit statements of the evidence regarding unexpected results. 

Impropriety of the Examiner's Reliance on Auxin Being Known as the Factor in Hypocotyl 
Elongation 

In the Examiner Action of February 26, 2008, the Examiner asserts that "the prior art 
(Sidler) suggests that AtPGPl transports a regulator involved in light dependent hypocotyls 
elongation, and speculates that that it may be a peptide. However, one must also consider what is 
well known in the art, that hypocotyl elongation is a response to auxin, which is a secondary 
metabolite." 

Applicants note that the Examiner has provided no evidence of its assertion that one of 
ordinary skill in the art would have concluded that the hypocotyl elongation described in Sidler is 
a response to auxin. Applicants note that the Examiner is subject to the Administrative 
Procedures Act and all conclusions must be based upon evidence of record. See^ e.g., Dickinson 
V. Zurko 527 U.S. 150 (1999); and In re Sang-Su Lee , 277 F,3d 1338 (C.A.Fed.,2002). Without 
evidence to support the assertion of the Examiner, such assertions should be ignored as merely 
Examiner argument. Further, the Sidler teaches that the substrate of the AtPGPl transporter is 
likely a peptide. This is in direct contravention to the unsupported assertion of the Examiner that 
one of ordinary skill in the art would have considered auxin as the substrate. 

Even if auxin were transported by AtPGPl and was responsible for the hypocotyl 
elongation (which the applicants respectfully submit the Examiner has not shown), there is 
nothing in the art cited that would suggest that the increased hypocotyl elongation is due to 
increased production of auxin as opposed to increased secretion. Applicants respectfully submit 
that better secretion of auxin, absent increased production, might be responsible for the increased 
hypocotyl elongation described by Sidler. However, the prior art cited provides no indication, 
one way or another, in regards to increased production and any assertion that increased 
production has indeed occurred is no more than unsupported speculation on the part of the 
Examiner. 
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For at least the foregoing reasons, appellants respectfully request the withdrawal of the 
rejections of 1, 7, 10, 12, 16, 19, and 22, and the claims dependent therefrom (claims 2-6, 8, 9, 
11, 13, 17, 18, 23, and 24) under 35 U.S.C. § 103(a) over Theodoulou in view of Dudler and 
Sidler. 

CONCLUSION 

For at least the foregoing reasons, appellants respectfully submit that all pending claims 
are in condition for immediate allowance. Consequently, appellants respectfully request that the 
rejections of claims 1-13, 16-19, and 22-24 under 35 U.S.C. 103(a) be withdrawn, and the 
rejected claims allowed. 
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(8) CLAIMS APPENDIX 

1 . A method of inducing or enhancing production of at least one secondary metabolite by 
plant cells, said method comprising: 

transforming plant cells with an expression vector comprising an expression cassette 
comprising a gene encoding an ABC-transporter; 

wherein said ABC-transporter comprises a Walker A box, a Walker B box, and a 
Nucleotide Binding Fold; 

wherein said ABC-transporter functions to transport at least one secondary metabolite in 
plant cells; 

selecting transformed plant cells having an induced or enhanced production of at least one 
secondary metabolite; and 

propagating such selected transformed plant cells. 

2. The method according to claim 1 wherein the secondary metabolites are alkaloids. 

3. The method according to claim 1 wherein the ABC-transporters are of plant, fungal, or 
mammalian origin. 

4. The method according to claim 1 wherein the induction or enhancement of the 
production of at least one secondary metabolite by plant cells results from enhancing the 
transport of said secondary metabolite into a vacuole. 

5. The method according to claim 4 wherein the secondary metabolites are alkaloids. 

6. The method according to claim 4 wherein the ABC-transporters are of plant, fungal, or 
mammalian origin. 
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7. A method of stimulating the production of secondary metabolites by plants, the 
method comprising: 

transforming said plants with an expression vector comprising an expression cassette 
comprising a gene encoding an ABC-transporter; 

wherein said ABC-transporter comprises a Walker A box, a Walker B box, and a 
Nucleotide Binding Fold; and 

wherein said ABC-transporter functions to transport at least one secondary metabolite in 
plant cells; 

selecting transformed plants based upon enhanced production of secondary metabolites; 

and 

propagating such selected transformed plants. 

8. The method according to claim 7 wherein the secondary metabolites are alkaloids. 

9. The method according to claim 7 wherein the ABC-transporters are of plant, fungal, or 
mammalian origin. 

10. A transgenic plant cell culture displaying an enhanced production of at least one 
secondary metabolite, wherein said transgenic plant cell is transformed with an expression vector 
comprising an expression cassette comprising a gene encoding an ABC-transporter; 

wherein said ABC-transporter comprises a Walker A box, a Walker B box, and a 
Nucleotide Binding Fold; and 

wherein said ABC-transporter functions to transport at least one secondary metabolite in 
plant cells. 

11. The transgenic plant cell culture of claim 10 further characterized in having 

(1) an increased vacuolar localization of said at least one secondary metabolite, or 

(2) a secretion or an increased secretion of said at least one secondary metabolite. 

Page 22 of 28 



Serial No. 10/666,778 

12. A transgenic plant material selected from the group consisting of a plant, plant cells, 
plant seeds and plant progeny, said transgenic plant material capable of an enhanced production 
of at least one secondary metabolite, said transgenic plant material transformed with an 
expression vector comprising an expression cassette comprising a gene encoding an 
ABC-transporter; 

wherein said ABC-transporter comprises a Walker A box, a Walker B box, and a 
Nucleotide Binding Fold; and 

wherein said ABC-transporter functions to transport at least one secondary metabolite in 
plant cells. 

13. The transgenic plant material of claim 12 further characterized in having an increased 
vacuolar localization of said at least one secondary metabolite. 

15. An isolated polynucleotide sequence comprising a sequence having at least 91% 
identity to the polynucleotide sequence of SEQ ID N0:1; 

wherein the isolated polynucleotide sequence induces or enhances production of at least 
one secondary metabolite in plants. 

16. A process for producing a plant cell exhibiting an enhanced production of at least one 
secondary metabolite, said process comprising: 

transforming a plant cell with an expression cassette comprising a gene encoding an 
ABC-transporter; 

wherein said ABC-transporter comprises a Walker A box, a Walker B box, and a 
Nucleotide Binding Fold; 

wherein said ABC-transporter functions to transport at least one secondary metabolite in 
plant cells; and 

selecting transformed plant cells exhibiting enhanced transport of said at least one 
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secondary metabolite into a vacuole. 

17. A plant cell produced by the process of claim 16. 

18. A transgenic plant including the plant cell of claim 17. 

19. An isolated polynucleotide useful for producing a plant cell exhibiting an enhanced 
production of at least one secondary metabolite, said isolated polynucleotide comprising: 

a first sequence of nucleotide bases constituting a means for inducing or enhancing 
production of at least one secondary metabolite in plants or plant cells, and 

a second sequence of nucleotides bases, operatively positioned with respect to said first 
sequence, constituting a means for promoting expression of said first sequence. 

20. The isolated polynucleotide sequence of claim 15, wherein the isolated 
polynucleotide sequence comprises the polynucleotide sequence of SEQ ID N0:1. 

21. The isolated polynucleotide sequence of claim 15, wherein the isolated 
polynucleotide sequence comprises the polypeptide sequence of SEQ ID N0:2. 

22. A method of inducing or enhancing production or cellular secretion of at least one 
endogenous secondary metabolite by a plant cell, the method comprising: 

transforming the plant cell with an expression vector comprising an expression cassette 
comprising a gene encoding an ABC-transporter, wherein said ABC-transporter comprises a 
Walker A box, a Walker B box, and a Nucleotide Binding Fold, and functions to transport at 
least one secondary metabolite in plant cells; 

wherein the secondary metabolite is an endogenous metabolic product of the plant cell, 
and is transported from the cell to the extracellular space; 

wherein the amount of secondary metabolite recoverable fi"om the cell is increased; 

selecting a transformed plant cell having an induced or enhanced production of at least 
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one secondary metabolite; and 

propagating such selected transfonned plant cell. 

23. The method according to claim 22 wherein the secondary metabolite is an alkaloid. 

24. The method according to claim 22 wherein the ABC-transporter is of plant, fungal, or 
mammalian origin. 
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(A) Declaration of Alain Goossens. Submitted May 14, 2007. 

(B) Theoudoulou et al.. Review, Plant ABC transporters, Biochimica et Biophysica 
Acta, 2000, pp. 79-103, Vol. 1465. Submitted in an IDS mailed September 18, 
2003. 

(C) Rea et al.,. WO 98/21938, published May 28, 1998. Submitted in an IDS mailed 
September 18, 2003. 

(D) Dudler et al. Journal of Biological Chemistry; 25 March 1992, Vol. 267, No. 9, 
pp. 5582-5588. First cited by the Examiner in Examiner Action mailed August 11, 
2006. 

(E) Sidler et al. The Plant Cell, 10:1623-1636. First cited by the Examiner in 
Examiner Action mailed July 3 1 , 2007. 
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Daniel J. Morath, Ph.D. 
Registration No. 55,896 
Attorney for Appellants 
TraskBritt, P.C. 
P.O. Box 2550 

Salt Lake City, Utah 841 10-2550 
Telephone: 801-532-1922 

Date: April 2, 2009 
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PATENT 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 
In re Application of: 

Goossens et al. j ' 

Serial No.: 10/666,778 

Filed: Septanber 18,2003 

For: THE USE OF GENES ENCODING 
MEMBRANE TRANSPORTER PUMPS TO 
STIMULATE THE PRODUCTION OF 
SECONDARY METABOLITES IN 
BIOLOGICAL CELLS 

Confirmation No.: 8721 

Examiner: R. Kaliis, Ph.D. 

Group Art Unit: 1638 

Attorney Docket No.: 2676-6085US 

DECLARATION UNDER 37 C.F.R. § 1.132 OF DR. ALAIN GOOSSENS 

Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

Dr. Alain Goossens hereby declares: 

1. I ain a named inventor on the above-referenced patent apphcation. 

2. • I am a Principle Investigator at the Flanders Institute for Biotechnology, 
University of Ghent and an expert in the field of plant secondary metabolite biology. A copy of 
my curriculum vitae is attached. 

3. I understand that in the Office Action mailed February 14, 2007, the Examiner has 
rejected the claims as being obvious over a combination of Theodoulou (Biochem. Biophys. Acta 
1465. 79-103) (hereinafter 'Theodoulou") and Dudler et al (J. Biol Chem. 267:9 5582-5588) 
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(hereinafter "Dudler"*). 

4. Attached hereto, I present data showing that expression of a number of genes, 
other than ABC transporters, known or thought to be involved in secondary metabolite 
production have no effect on the production levels of four separate alkaloids in the plant cells 
tested. 

5. The experimental data presented herewith indicate that one of ordinary skill in the 
art would not reasonably expect success in increasing production or secretion of secondary 
metabolites through the overexpression of genes known or thought to be involved in secondary 
metabolite synthesis. 

6. The experimental data presented herewith further indicate that one of ordinary 
skill in the art would find an increase in production or secretion of secondary metabolites through 
the overexpression of ABC transporters to be unexpected. 

7. I hereby declare that all statements made herein of my own knowledge are true , 
and that all statements made on information and beUef are believed to be true; and further that 
these statements were made with the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United 
States Code and that such willful false statements may Jeopardize the validity-ef the application 
or any patents issued thereon. /--'"V^'^^-^''^"'^^ 

Date: /r 

^....---'^'^'''^ l) V..i_Xirr-AIain Goossens - 
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Short CV Alain Goossens 
Personal data 

Name: Alain Goossens 

Birth date: 18/01/1971 
Nationality: Belgian 

Academic training & Career 

Ghent University. Belgium 

- 1988-1990: Bachelor in Sciences, Biology 

" 1990-1992: Master in Sciences, Botany-biotechnology 

- Undergraduate thesis: - Title: "Characterisation of mutations occurring during T- 

DNA transformation and tissue culture of plant cells." 

- Promoter: Prof. Dr. Marc Van Montagu, Department of 
Genetics 

- 1 992-1 998: PhD training in Sciences-biotechnology 

- PhD thesis: - Title: "Molecular characterisation of the gene encoding 

arcelin 5, a seed storage protein from insect resistant wild 
common beans (Phaseolus vulgaris)." 

- Promoter: Prof Dr. Marc Van Montagu, Department of 
Genetics 

Universidad Politecnica de Valencia. Spain 

- 1998-2000: Postdoctoral studies 

- Title: "Identification of novel sodium targets and 
transporters in yeast by characterisation of suppressors of 
the salt sensitivity of Na^-ATPase disruptants." 

- Promoter: Prof Dr Ramon Serrano, Instituto de Biologia 
Molecular y Celular de Plantas 

Flanders Interuniversitv Institute for Biotechnology (VIB), Ghent University 

- 2000-present: Group leader/Principle Investigator at Department of Plant 

Systems Biology, with Prof. Dr. Dirk Inze. 

- Research theme: Plant secondary metabolism and 
metabolic engineering. 
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GLUTATfflONE-S-CONJUGATE TRANSPORT IN PLANTS 



BACKGROUND OF THE INVENTION 
Animal and plant cells have the capacity to eliminate a diversity of 
lipophilic toxins from the cytosol following conjugation of the toxin with glutathione 
(GSH) (Ishikawa et al., 1997, Bioscience Reports, 17:189-208; Martinoia etaL, 1993, 
Nature 364:247-249; Li etai, 1995, Plant Physiol, 107:1257-1268). This process is 
mediated by the glutathione S-conjugate (GS-X) pumps which are novel MgATP- 
dependent transporters that catalyze the efflux of GS-conjugates and glutathione 
disulfide (GSSG) from the cytosol via the plasma membrane and/or endomembranes. 
GS-X pumps are considered to constitute a terminal phase of xenobiotic detoxification 
in animals and plants. 

The metabolism and detoxification of xenobiotics comprises three main 
phases (Ishikawa, 1992, supra). Phase I is a preparatory step in which toxins are 
oxidized, reduced or hydrolyzed to introduce or expose functional groups having an 
appropriate reactivity. Cytochrome P450 monooxygenases and mixed function 
oxidases are examples of phase I enzymes. In phase II, the activated derivative is 
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conjugated with GSH, glucuronic acid or glucose. In the case of the GSH-dependent 
pathway. S-conjugates of GSH are formed by cytosolic glutathione-S-transferases 
(GSTs). In the final phase, phase III, of the GSH-dependent pathway, GS-conjugates 
are eliminated from the cytosol by the GS-^f pump. 
5 The GS-X pump is unique in its exclusive use of MgATP, rather than 

preformed transmembrane ion gradients, as a direct energy source for organic solute 
transport. Although an understanding of the constituents of GS-Xpumps is relevant to 
an understanding of the mechanism by which cells combat, for example, 
chemotherapeutic agents and herbicides, there has unUl recently been a paucity of 
10 information on the molecular identity of GS-X pumps, particularly in plants. 

A 190 kDa membrane glycoprotein encoded by the human multidrug 
resistance-associated protein gene (MRP J) has been implicated in the resistance of 
small cell lung cancer cell lines to a number of chemotherapeutic drugs (Cole et ai, 
1992, Science 258:1650-1654). This glycoprotein catalyzes the MgATP-dependent 
15 transport of leukotriene C4 and related glutatiiione-5-conjugates (Leier et al, 1994, J. 
Biol. Chem. 269:27807-27810; MuUer et ai, 1994, Proc. Natl. Acad Sci. USA 
91:13033-13037; Zamamcra/., 1995, Proc. Natl. Acad. Sci. USA 92:7690-7694). 

MRPl is a member of the ATP binding cassette (ABC) superfamily of 
transporter proteins. Distributed throughout the major taxa, ABC transporters catalyze 
20 the MgATP-dependent transport of peptides, sugars, ions and lipophiles across 

membranes. ABC transporters comprise one or two copies each of two basic stonictural 
elements, a hydrophobic integral membrane sector containing approximately six 
transmembrane a helices and a cytoplasmically oriented ATP-binding domain known 
as a nucleotide binding fold (NBF) (Hyde et ai, 1990, Nature 346:362-365; Higgins, 
25 1 995, Cell 82:693-696). The NBFs are a diagnostic feature of ABC transporters and 
are 30% identical between family members over a span of about 200 amino acid 
residues, having two regions known as a Walker A and a Walker B box (Walker et al, 
1992, EMBO J. 1:945-951), and also having an ABC signature motif (Higgins, 1995, 
sipra). 
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ABC family members in eukaryotes include mammalian P- 
glycoprpteins (P-gps or MDRs), some of which are implicated in drug resistance and 
others in lipid translocation (Ruetz et al, 1994. Cell 77:1071-1081). the pleiotropic 
drug resistance protein (PDR5) and STE6 peptide mating pheromone transporter of 
yeast, the cystic fibrosis transmembrane conductance regulator (CFTR) CI" channel, the 
malarial Plasmodium falciparum chloroquine transporter (PFMDRl) and the major 
histocompatibility (MHC) transporters responsible for peptide translocation and 
antigen presentation (Balzi et al, 1994, J. Bioenerg. Biomemb. lim-ie; Higgins, 
1995, supra). 

Sequence comparisons between MRPl and other ABC transporters 
reveal two major subgroups among these proteins (Cole et al., 1992, supra; Szczypka 
et al, 1994, J. Biol Chem. 269:22853-22857). One subgroup comprises MRPl, the 
Saccharomyces cerevisiae cadmium factor (YCFl) gene, the Leishmania P- 
glycoprotein-related molecule (Lei/PgpA) and the CFTRs. The other subgroup 
15 comprises the multiple drug resistance proteins (MDRs), MHC transporters and STE6. 

The invention described herein relates to bioremediation (specifically 
phytoremediation), plant responses to herbicides, plant-pathogen interactions and plant 
pigmentation. 

With respect to bioremediation, the massive global expansion in 
20 industrial and mining activities during the last two decades together with changes in 

agricultural practices, has markedly increased contamination of groundwaters and soils 
with heavy metals. Indeed, it is estimated that the annual toxicity of metal emissions 
exceeds that of organics and radionuclides combmed (Nriagu et al, 1988, Nature 
333:1340138). Since soil and water contamination results in the uptake of heavy 
25 metals and toxins by crop plants, and eventually humans, there remains a need for a 
means of manipulating the ability of a plant to sequester compounds from the soil in 
order to better manage soil detoxification through bioremediation using native species 
or genetically engineered organisms. 
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Regarding herbicides, these compounds are generally low molecular 
weight, lipophilic compounds that readily penetrate cells in a passive manner. Having 
entered cells, herbicides inhibit plant-specific processes such as photosynthetic electron 
transport (e.g., atrazine, chlortoluron) or the biosynthesis of essential amino acids (e.g., 

5 glyphosate, chlorsulfuron or phosphotricine), porphyrins (e.g., acidofluorfen), 
carotenoids {e.g., norflurazon), fatty acids (e.g., diclofop) or cellulose (e.g., 
dichlobenil) (Soger et al, 1989, Target Sites of Herbicide Action, CRC Press, Boca 
Raton, FL; Devine et al., 1993, Physiology of Herbicide Action, Prentice Hall, 
Englewood Cliffs, NJ). Plants that are naturally tolerant of certain herbicides either 

10 contain a cellular target that does not interact with the herbicide, have efficient systems 
for inactivation of the herbicide, or have a high capacity for excluding or eliminating 

the herbicide from the target. 

Herbicide metabolism comprises the three phases described above for 
general xenobiotic metabolism. The first two phases (the first being oxidation and 

15 hydrolysis and the second being conjugation with GSH or glucose) contribute to 

detoxification by decreasing the intrinsic biochemical activity of the herbicide and/or 
by increasing its hydrophilicity. These two phases render the herbicide less mobile in 
the plant. The third phase (compartmentation) is often critical for sustained 
detoxification since the conjugates themselves may interfere with metabolism. For 

20 example, the herbicide synergist tridiphane, is converted to its conresponding GS- 

conjugate in plants to generate a potent inhibitor of atrazine metabolism. (Lamoureux 
etal, \9iS, Pestic. Biochem. Physiol. 26:323-342). 

Likewise, and more generally, OS-conjugates of any given herbicide 
would be expected to act as end-product inhibitors of GSTs and thereby impair long- 

25 term detoxification unless they are removed fi»m the intracellular compartment, 

usually the cytosol, in which they are formed. Since the vacuolar GS-Xpump of plants 
is known to transport several GS-herbicide conjugates, for example, those of the 
chloroacetanilide herbicides (metolachlor) and triazines (simetryn) (Martinoia et al, 
1993, supra; Li et al, 1995, supra), there is a long felt need for a knowledge of the 
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molecular identity of this transporter or family of transporters. Such knowledge will 
enable the development of new strategies for increasing or decreasing the resistance of 

plants to herbicides. 

With regard to plant-pathogen interactions, a key event in the disease 

5 resistance response of legumes is the rapid and localized accumulation of isoflavonoid 
phytoalexins. The majority of the research on plant-pathogen interactions has centered 
on the enzymology and molecular biology of the isoflavonoid biosynthetic pathway 
(Dixon et al, 1995, Physiol. Plant 93:385). However, the mechanism and sites of 
intracellular accumulation of these compounds is not understood. Since many 

10 isoflavonoid phytoalexins are as toxic to the host plant as they are to its pathogens, the 
discovery of the molecular mechanism by which these compounds are sequestered 
within a plant is crucial to the development of plants with increased pathogen 
resistance. 

With regard to plant pigmentation, functional analyses of the maize 
15 gene, Brome-2, which participates in anthocyanin pigment biosynthesis, suggest that 
one of the endogenous substrates for the plant vacuolar GS-Xpump are anthocyanin- 
GS conjugates (Marrse/ a/., 1995, ;\^a/Mre, 375:397-400). Anthocyanins share a 
common biosynthetic origin and core structure based on cyanidin-3-glucoside. It is 
through the species-specific decoration of cyanidin-3-glucoside by hydroxylation, 
20 methylation, glucosylation and acylation that the wide spectrum of red, blue and purple 
colors in the vacuoles of flowers, fruits and leaves is produced. The molecular nature 
of the plant GS-X pump which mediates transport of anthocyanin-GS conjugates was 
not known in the art until the present invention. There remains a need to determine the 
molecular nature of the GS-Xpump responsible for transport of anthocyanin-GS 
25 conjugates in order that plant coloration may be manipulated at the molecular level. 

The present invention satisfies the aforementioned needs. 
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BRIEF SUMMARY OF THE INVENTION 
The invention includes an isolated DNA encoding a plant GS-A'pump 
polypeptide. In one aspect, the isolated DNA is selected from the group consisting of 
DNA comprising AtMRPl and AtMRP2, and any mutants, derivatives, homologs and 
5 fragments thereof encoding GS-X pump activity. 

The invention also includes an isolated preparation of a polypeptide 
comprising a plant GS-Ji-pump. In one aspect of this aspect of the invention, the 
polypeptide is selected from the group consisting of AtMRPl , AtMRP2, and any 
mutants, derivatives, homologs and fragments thereof having GS-^^fpump activity. 
10 Also included in the invention is a recombinant cell comprising an 

isolated DNA encoding a plant GS-Jfpump polypeptide. In one aspect, the cell is 
selected from the group consisting of a prokaryotic cell and a eukaryotic cell. 

Further included in the invention is a vector comprising an isolated 
DNA encoding a plant GS-ATpump polypeptide. 
15 The invention also includes an antibody specific for a plant GS-A'pump 

polypeptide. 

In addition, an isolated preparation of a nucleic acid which is in an 
antisense orientation to all or a portion of a plant GS-.^rpump gene is included in the 
invention and a cell and a vector comprising this isolated preparation of a nucleic acid 

20 are further included. 

The invention also relates to a transgenic plant, the cells, seeds and 
progeny of which comprise an isolated DNA encoding a plant GS-A'pump. 

In addition, the invention relates to a transgenic plant, the cells, seeds 
and progeny of which comprise an isolated preparation of a nucleic acid which is in an 
25 antisense orientation to all or a portion of a plant GS-A' pump gene. 

Further, there is included a transgenic plant, the cells, seeds and progeny 
of which comprise an isolated DNA encoding YCFl, or any mutants, derivatives, 
homologs and fragments thereof having YCFl activity. 
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The invention further relates to an isolated DNA comprising a plant GS- 
X pump promoter sequence. In one aspect, the promoter sequence is selected from the 
group consisting of an AtMRPl and mAtMRP2 promoter sequence. 

Also included in this aspect of the invention is a cell and a vector 
5 comprising an isolated DNA comprising a plant GS-A' plant promoter sequence. 

The invention additionally relates to a transgenic plant, the cells, seeds 
and progeny of which comprise a transgene comprising an isolated DNA comprising a 
... GS-X pump promoter, sequence, wherein the GS-X pump promoter sequence is selected 
from the group consisting of an AtMRPl, an AtMRP2 and a YCFI promoter sequence. 
10 The promoter sequence may also have operably fused thereto a reporter gene. 

There is also included in the invention a method of identifying a 
compound capable of affecting the expression of a plant GS-A'gene. The method 
comprises providing a cell comprising an isolated DNA comprising a plant GS-X pump 
promoter sequence having a reporter sequence operably linked thereto, adding to the 
15 cell a test compound, and measuring the level of reporter gene activity in the cell, 

wherein a higher or a lower level of reporter gene activity in the cell compared with the 
level of reporter gene activity in a cell to which the test compound was not added, is an 
indication that the test compound is capable of affecting the expression of a plant GS-A' 
pump gene. 

20 In addition, the invention relates to a method of removing xenobiotic 

toxins from soil. The method comprises growing in the soil a transgenic plant of 
comprising an isolated DNA encoding a GS-A'pump. 

Also included is a method of removing heavy metals from soil 
comprising growing in the soil a transgenic plant of comprising an isolated DNA 

25 encoding a GS-X pimip. 

The invention further relates to a method of generating a transgenic 
pathogen resistant plant comprising introducing to the cells of the plant an isolated 
DNA encoding a GS-A'pump, wherein the pump is capable of transporting 
glutathionated isoflavonoid alexins into the cells of the plant. 
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Additionally, there is included a method of manipulating plant 
pigmentation comprising modulating the expression of a GS-^f pump protein in the 
plant, wherein the GS-;irpump protein is selected from the group consisting of 

AtMRPl, AtMRP2 and YCFl. 
5 The invention also relates to a method of alleviating oxidative stress in a 

plant comprising introducing into the cells of the plant DNA encoding a GS-Jf pump, 
wherein the DNA is selected from the group consisting of DNA encoding AtMRPl, 

AtMRP2 and YCFl. 

Further included is a method of manipulating the expression of a gene in 
10 a plant cell. The method comprises operably fusing a GS-^f pump promoter sequence 
to the DNA sequence encoding the gene to form a chimeric DNA, and generating a 
transgenic plant, the cells of which comprise the chimeric DNA, wherein upon 
activation of the GS-Xpump promoter sequence, the expression of the gene is 
manipulated. 

15 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a series of graphs depicting differential sensitivities of 
DYT165 cells (wild type, Figure lA) and DTY167 cells (yc/7 A mutant, Figure IB) to 
growth inhibition by l-chloro-2.4-dinitroben2ene (CDNB). Cells were grown at 30°C 
for 24 hours to an ODgoo nm of approximately 1.4 in YPD medium before inoculation 

20 of aliquots into 15 ml volumes of the same medium containing 0-60 CDNB. 
ODgoo nm was measured at the times indicated. 

Figure 2 is a graph depicting the time course of [^H]DNP-GS uptake by 
vacuolar membrane vesicles purified from DTY165 and DTY167 cells. Uptake was 
measured in the absence (-MgATP) or presence of 3 mM MgATP (+MgATP) in 

25 reaction media containing 66.2 [^H]DNP-GS, 10 mM creatine phosphate, 16 
units/ml creatine kinase, 50 mM KCl, 0.1% (w/v) bovine serum albumin, 400 mM 
sorbitol, and 25 mM Tris-MES (pH 8.0) at 25»C. Values shown are means ± S.E. (« = 
3). 
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Figure 3 is a series of graphs depicting the kinetics of uncoupler- 
insensitive [^H]DNP-GS uptake by vacuolar membrane vesicles purified from DTY165 
and DTY167 cells. Figure 3A: MgATP concentration-dependence of uncoupler- 
insensitive uptake. Figure 3B: DNP-GS concentration-dependence of MgATP- 

5 dependent uncoupler-insensitive uptake. The MgATP concentration-dependence of 
uptake was measured with 66.2 [^H] DNP-GS. The DNP-GS concentration- 
dependence of uptake was measured with 3 mM MgATP. Uptake was allowed to 
proceed for 10 minutes in standard uptake medium containing 5 \iM. gramicidin D. 
The kinetic parameters for vacuolar membrane vesicles purified from DTY165 cells 

10 were K^^MgAT?) 86-5 ± 29.5 ^M. iC„,DNP.GS) H.l ± 7.4 ^M, K^ax(MgATP) 38-4 ± 5.6 

nmol/mg/lOmmutes, K„3x(DNP-0S) 51-0 ± 6.3 rnnoUmg/ 10 minutes. The lines of best 
fit and kinetic parameters were computed by nonlinear least squares analysis 
(Marquardt. 1963, J. Soc. Ind. Appl Math. 11:431-441). Values shown are means ± 
S.E.(« = 3). 

j5 Figure 4 is a series of graphs depicting sucrose density gradient 

fractionation of vacuolar membrane-enriched vesicles prepared from DYT165 cells. 
One ml (1 .1 mg protein) of partially purified vacuolar membrane vesicles derived from 
vacuoles prepared by the Ficoll flotation technique were applied to a linear sucrose 
density gradient (10-40%, w/v) and analyzed for protein (Figure 4A), a-mannosidase 

20 activity (Figure 4B), V-ATPase activity (Figure 4C), and MgATP-dependent, 

uncoupler-insensitive [^HJDNP-GS uptake (Figure 4D). [^HJONP-GS uptake and 
enzyme activity were assayed as described herein in Table 4 and the accompanying 
text. 

Figure 5 includes a graph (Figure 5A) depicting the effect of 
25 transformation with pYCFl-HA or pRS424 on MgATP-dependent, uncoupler- 
insensitive [^H]DNP-GS uptake by vacuolar membranes purified from DTY165 and 
DTY167 cells. Uptake was measured in standard uptake medium containing 66.2 \xM 
[^H]DNP-GS and 5 nM gramicidin D. Also shown (Figure 5B) is an image of a gel 
depicting immunoreaction of vacuolar membrane proteins prepared from pYCFl-HA- 
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transformed and pRS424-transformed DTY165 and DTY167 cells with mouse 
monoclonal antibody raised against the 12CA5 epitope of human influenza 
hemagglutinin. All lanes were loaded with 25 of delipidated membrane protein and 
subjected to SDS-polyacrylamide gel electrophoresis and Western analysis as described 
5 herein. The M, of YCFl-HA (boldface type) and the positions of the M, standards are 

indicated on the figure. 

Figure 6 is a series of graphs depicting transformation with pYCFl-HA 
(Figure 6A) or pRS424 (Figure 6B) on the sensitivity of DTY167 cells to growtii 
retardation by CDNB. Cells were grown at SO^C for 24 hours to an ODgoo nm of 

10 approximately 1.4 in AHC medium (Kim et al, 1994, Proc. Natl Acad. Sci. USA 

91:6128-6132) before inoculation of aliquots into 15 ml volumes of the same medium 
containing 0-60 \M CDNB. ODgoo nm was measured at the times indicated. 

Figure 7 is a series of photomicrographs of DTY165 (Figures 7A and 
7C) and DTY167 cells (Figures 7B and 7D) after incubation witii monochlorobimane. 

15 Cells were grown in YPD medium for 24 hours at 30°C and 100 jii aliquots of cell 

suspensions were transferred into 15 ml volumes of fresh YPD medium containing 100 
HM monochlorobimane. After incubation for 6 hours, the cells were washed and 
examined in fluorescence (Figures 7C and 7D) or Nomarski mode (Figures 7A and 

7B) as described herein. 

20 Figure 8 is a series of graphs depicting uptake of Cd^* into vacuolar 

membrane vesicles purified from DTY165 and DTY167 cells. Uptake of '^^Cd^^ by 
DTY165 membranes (Figure 8A) or DTY167 membranes (Figure 8B) was measured 
in tiie absence of MgATP plus (O) or minus GSH (1 mM) (□) or in tiie presence of 
MgAT? (3 mM) plus (•) or minus (■) GSH. '<''Cd2S04 and gramicidin-D were 

25 added at concentrations of 80 \M and 5 nM. respectively. Figure 8C: Rate of '"'Cd^'' 
uptake by DTY165 membranes plotted as a function of tiie total concentration of Cd 
([Cd-*]totai) added to uptake medium corttaining 1 mM GSH. 3 mM MgATP and 5 jiM 
gramidicin-D. Values shown are means ± SE (« = 3-6). 
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Figure 9 is a series of graphs depicting purification of cadmium 
glutathione complexes by gel-filtration (Figure 9A) and anion-exchange 
chromatography (Figures 9B and 9C). Twenty mM •°'Cd2S04 was incubated with 40 
mM GSH at 45 °C for 24 hours and the mixture was chromatographed on Sephadex G- 
15 to resolve a high molecular weight •'''Cd-labeled component {HMW-"^^Cd.GS) 
from a low molecular weight component iLMW-"^^CdGS) (Figure 9A). The peaks 
corresponding to HMW-"^^Cd.GSmA LMW-'°^CdGSvicrt then chromatographed on 
Mono-Q and eluted with a linear NaCl gradient (-) (Figure 9B and 9C). *°'Cd (cpm 
X 10"^) was determined on 5 ^1 aliquots of the column fractions by liquid scintillation 
counting. 

Figure 10 is a series of graphs depicting the kinetics of MgATP- 
dependent, uncoupler-insensitive '<»Cd.GS2 (HMW-"^Cd.GS. Figure lOA) and 
"»Cd.GS {LMW-"^Cd.GS. Figure lOB) uptake. DNP-GS was added at the 
concentrations (jiM) indicated to DTY165 membranes (•,0,B,D,A) or DTY167 
membranes (0). A secondary plot of the apparent Michaelis constants for Cd.GS2 
uptake (ATm^Po/Cd.GSs) as a fiinction of DNP-GS concentration is shown (Figure IOC). 
The kinetic parameters for Cd.GSj transport by DTY165 membranes were 39.1 ± 
14.1 nM, K„ax. 157.2 ± 30.4 nmol/mg/10 minutes and K^fQfjp.cs)^ 1 1.3 ± 2.1 nM. 
Kinetic parameters were computed by nonlinear least squares analysis (Marquardt, 
l963,JMprfl). Values shown are means ± SE (« = 6). 

Figure 11 is a graph depicting matrix-assisted laser desorption mass 
spectrometry (MALD-MS) of HMW-CdGS, MALD-MS was performed on Sephadex 
G-15-, Mono-Q-purified HMW-Cd.GS as described herein. The molecular structure 
inferred from a mean m/z ratio of 725.4 ± 0.7 {n = 9) and average Cd.GS stoichiometry 
of 0.5 [6«(glutathionato)cadmium, Cd.GSz, molecular weight 724.6 Da] is shown. 

Figure 12 is an image of a gel depicting induction of YCFl expression 
and YCFl -dependent Cd.GSj and DNP-GS transport by pretreatment of DTY165 cells 
with CdS04 (Cd^"", 200 ^M) or CDNB (150 ^M) for 24 hours. rCFZ-specific mRNA 
and 188 rRNA were detected in tiie total RNA extracted from control or pretreated 
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cells (10 ^g/lane) by RNase protection. Uptake of '"^Cd.GSz (50 mM) or [^H]DNP-GS 
(66.2 \iM) by vacuolar membrane vesicles was measured in standard uptake medium 
containing 5 nM gramicidin-D. Values shown are means ± SE (n = 3). 

Figure 13A and 13B is the sequence oiAtMRP2 cDNA (SEQ ID 
N0:1). Lower case letters correspond to 5'- and 3'-untranslated regions (UTRs). 

Figure 14A-D is the genomic sequence of AtMPRl (SEQ ID N0:2). 
Lower case letters at the beginning and end of the sequence correspond to 5'- and 3'- 
UTRs, respectively; lower case letters nested within the sequence correspond to 
introns. 

Figure 15 is the deduced amino acid sequence of AtMRP2 (SEQ ID 

N0:3). 

Figure 16A and 16B is the sequence of AtMRPl cDNA (SEQ ID 
N0:4). Lower case letters correspond to 5'- and 3'-UTRs. 

Figure 17A-D is the genomic sequence of AtMRPl (SEQ ID N0:5). 
Lower case letters at the beginning and end of the sequence correspond to 5'- and 3'- 
UTRs, respectively; lower case letters nested within the sequence correspond to 
introns. 

Figure 18 is the deduced amino acid sequence of AtMRPl (SEQ ID 

N0:6). 

Figure 19 is a series of graphs depicting the time course and 
concentration-dependence of DNP-GS uptake in^rA/ilPJ-transformed yeast. Figure 
19A is a graph depicting the time course of pH]DNP-GS uptake by membrane vesicles 
purified from pYES3-.4/A/ii?;-transformed or pYES3-transformed DTY168 cells. 
MgATP-dependent uptake was measured in reaction media containing 61.3 ^M 
['H]DNP-GS, 5 vM gramicidin-D, 10 mM creatine phosphate, 16 units/ml creatine 
kinase, 50 mM KCl, 1 mg/ml bovine serum albumin, 400 mM sorbitol and 25 mM 
Tris-Mes(pH8.0)at25°C. Values shown are means ± SE (n = 3). Figure 19B is a 
graph depicting concentration dependence of MgATP-dependent, uncoupler-insensitive 
uptake of pH]DNP-GS by membrane vesicles purified from pYES3-/4rM/J/» 1- 
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transformed DTY168 cells. Uptake was allowed to proceed for 1 0 minutes in standard 
uptake medium containing 5 jiM gramicidin-D. The kinetic parameters for uptake 
were J^^jdnp^s) 49.7 ± 15.4 nM. 6.0 ± 1 .7 nmol/mg/10 minutes. The lines of best 
fit and kinetic parameters were computed by nonlinear least squares analysis 
5 (Marquardt, 1 963, supra). Values shown are means ± SE (n = 3). 

Figure 20 is a series of graphs depicting sensitivity of MgATP- 
dependent, uncoupler-insensitive pH]DNP-GS uptake by membrane vesicles purified 
from pYES3->I/Mi?F;-transformed and pYES3-transformed DTY168 cells. Uptake 
was measured for 10 minutes in standard uptake medium containing the indicated 
10 concentrations of vanadate. In Figure 20A, there is a graph depicting total MgATP- 
dependent, uncoupler-insensitive pH]DNP-GS uptake by membrane vesicles purified 
from pYES3-^/Affi/'7-transformed and pYES-transformed DTYl 68 cells. In Figure 
20B. there is a graph depicting AtMRPl -dependent uptake. 7,0 (exclusive of 
uninhibitable AtMRPl -independent component) = 8.3 ± 3.2 nM. Values shown are 

15 means + SE (n = 3). 

Figure 21 is a series of graphs depicting the hydropathy aligmnent of 
AtMRP2, AtMRPl. S. cerevisiae YCFl (ScYCFl), human MRPl (HmMRPl) and rat 

cMOAT(RtCMOAT). 

Figure 22 is a diagram depicting domain comparisons between 

20 AtMRPl, ScYCFl, HmMRPl, RtCMOAT. rabbit EBCR (RbEBCR) and HmCFTR. 
The domains indicated are the N-terminal extension (NH^), first and second sets of 
transmembrane spans (TMl and TM2, respectively), first and second nucleotide 
binding folds (NBFl and NBF2, respectively), putative CFTR-like regulatory domain 
(R), and the C-tenninus (COOH). 

25 Figure 23 is the promoter sequence of the Arabidopsis AtMRPl gene 

(SEQ ID N0:7). Discrete elements which are present in the promoter sequence are 
indicated in boldface letters. 
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Figure 24 is the promoter sequence of the Arabidopsis AtMRP2 gene 
(SEQ ID N0:8). Discrete elements which are present in the promoter sequence are 

indicated in boldface letters. 

Figure 25 is a graph depicting MgATP-dependence of ['H]medicarpin 
5 uptake by vacuolar membrane vesicles before (Medicarpin/GSH) and after maize GST- 
mediated conjugation with GSH (Medicarpin-GS). [^H]medicarpin or pH]medicarpin- 
GS was added at a concentration of 65 |iM. MgATP was either omitted (-MgATP) or 
added at a concentration of 3 mM (+MgATP). Values shown are means ± SE (n = 3). 

Figure 26 is a graph depicting concentration dependence of MgATP- 
10 dependent, uncoupler-insensitive [^H]medicarpin-GS uptake into vacuolar membrane 
vesicles. Uptake was allowed to proceed for 20 minutes in standard uptake medium 
containing 3 mM MgATP and 5 \iU gramicidin D. The kinetic parameters were 
21.5 ± 15.5 \iU and F^ax 77.8 ± 23.3 nmol/mg/20 minutes. Values shown are means ± 
SE(n = 3). 

15 Figure 27 is a series of graphs depicting concentration-dependence of 

MgATP-dependent, uncoupler-insensitive C3G-GS, lAA-GS and ABA-GS uptake by 
vacuolar membrane vesicles purified from V. radiata (Figure 27A) and Z mays 
(Figure 27B). Uptake was allowed to proceed for 10 minutes in reaction medium 
containing 50 /zM GS-conjugate. 400 mM sorbitol, 3 mM MgATP, 50 mM KCl, 0.1% 

20 (w/v) BSA. 5 fxU gramicidin-D and 25 mM Tris-Mes (pH 8.0) at 25°C. Values shown 

are means ± SE (« = 3). 

Figure 28 is an image of a photograph depicting the grov*^ of wild type 
(WT) and YCFl transgenic Arabidopsis (YCFl) seeds on media containing CdSO* 
(200 ^lM) or l-chloro-2,4-dinitrobenzene (CDNB, 25 jiM). Transgenic plants were 
25 generated as described herein. 

DETAILED DESCRIPTION OF THE INVENTION 
The invention is based upon the molecular identification of a new class 
of membrane transporter in yeast and plants, the GS-Xpump. As a result of the present 
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invention, new insights into the membrane transport phenomena associated with heavy 
metal tolerance, herbicide detoxification, plant-pathogen interactions, plant responses 
to (phyto)honnones, plant pigmentation and bioremediation are evident. These insights 
provide a means, as is evident from the description of the present invention, for the 
manipulation of plants and the cells thereof, to affect heavy metal tolerance, herbicide 
detoxification, plant-pathogen interactions, plant responses to (phyto)hormones, plant 
pigmentation and bioremediation. 

The process of "storage excretion" is a necessity for plants. Whereas 
mammals have the option of excreting GS-conjugates to the extracellular medium for 
elimination by the kidneys, plants are nearly totally reliant on the sequestration of 
noxious compounds in the central vacuole, which frequently accounts for 40-90% of 
total intracellular volume. Due to the virtual absence of specialized excretory organs 
and the presence of massive vacuoles in plants, a process (intracellular 
compartmentation) that is probably only an intermediate step in the elimination of 
xenobiotics from the cytosol of mammalian cells, is believed to constitute a terminal 
phase of detoxification in plants. 

The data which are described herein establish that the yeast gene YCFJ 
and two plant homologs of YCFl, AtMRPl and AtMRP2, isolated from Arabidopsis 
thaliana, each encode a vacuolar GS-^Tpump. The data further establish that the GS-A' 
pump participates in herbicide metabolism (exemplified by organic xenobiotic 
transport), heavy metal sequestration (exemplified by cadmium transport), plant- 
pathogen interactions (exemplified by vacuolar uptake of medicarpin), plant cell 
pigmentation (exemplified by transport of glutathionated anthocyanins) and plant 
hormone metabolism (exemplified by the transport of glutathionated auxins). 

The plant AtMRPl and AtMRP2 gene products use MgATP as an energy 
source for the transport of glutathionated derivatives of both endogenous and 
exogenous compounds in plants and thus, the discovery of these genes in the present 
invention is important at three levels. The identification of these genes and their 
encoded products represents the first identification of ABC transporters in plants for 



-15- 



wo 98/21938 



PCT/US97/21336 



which a biochemical function is defined. The discovery establishes, contrary to the 
prevailing chemiosmotic model for solute transport in plants, that many energy- 
dependent solute transport processes in plants are not driven by a transmembrane H+ 
electrochemical potential difference. Further, the identification and isolation of these 
genes and their encoded products permits a plant element, critical for removal of 
compounds from the cytosol that can form glutathionine 5-conjugates, to be 
manipulated. 

It has been discovered in the present invention that two plant genes, 
AtMRPl md AtMRP2, are the structural and functional homologs of the gene encoding 
yeast YCF 1 . Proteins encoded by plant AtMRPl and AtMRP2 thus represent a new 
subclass of ATP binding cassette transporters. 

It has been further discovered in the present invention that the yeast 
YCFl protein, a GS-A'pump, is capable of MgATP-energized transport of organic GS- 
conjugates and of MgATP-energized transport of cadmium upon complexation with 
GSH. In addition, when plants have introduced into the cells thereof the YCFl gene (a 
transgenic plant comprising YCFl), expression of YCFl therein confers upon the plants 
resistance to both inorganic and organic xenobiotics exemplified by cadmium and 1- 
chloro-2,4-dinitrobenzene, respectively. 

Also discovered in the present invention is the fact that AtMRPl and 
AtMRP2, when expressed in a strain of yeast which is deficient in YCFl, can substitute 
for YCFl as a GS-Xpump. In addition, transformation of plants by YCFl confers upon 
the plant properties which are characteristic of YCFl gene expression. Thus, it appears 
that YCFl and the AtMRP genes are essentially fimctionally interchangeable. 

In addition, there is provided as part of the invention the 
promoter/regulatory sequences which control expression of the plant AtMRPl and 
AtMRP2 genes of the invention. These promoter sequences are usefiil for the 
identification of compounds which affect expression of thEse genes in plants and for 
conferring on other genes the ability to respond to factors that modulate AtMRPl 
and/or AtMRP2 expression. 
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Further discovered in the present invention is the fact that the plant GS- 
A'pump serves to facilitate the vacuolar storage of antimicrobial compounds induced 
following the hypersensitive response to fungal pathogens in the healthy cells 
surrounding fiingally-induced lesions. Such a process is believed to limit the spread of 
5 tissue damage by limiting propagation of the pathogen and spatially delimiting the 
toxic action of the phytoalexin itself. 

Ascription of specific enzymic and regulatory roles to most of tiie genes 
of the anthocyanin biosynthetic pathway has been achieved by genetic and biochemical 
studies of maize with one notable exception, the Bronze-2 gene. It is known that the 
10 characteristic coloration of Bronze-2 (bz2) mutants is a consequence of the 

accumulation of cyanidin-3-glucoside in the cytosol. However, in wild type (Bz2) 
plants, anthocyanins are transported into the vacuole and become purple or red. In the 
mutant {bz2) plants, anthocyanin is restricted to the cytoplasm where it is oxidized to a 
brown ("bronze") pigment. The biochemical basis for the accumulation of 
15 anthocyanins in the cytosol is not known. However, Marrs et al, (1995, supra) have 
discovered that Bz2 encodes a glutathione S-transferase which is responsible for 
conjugating anthocyanin with GSH. It has now been discovered in the present 
invention that the plant GS-A'pump is the entity responsible for the delivery of 
glutathionated anthocyanins into the vacuole. 
20 Identification of the GS-A' pump at the molecular level has served to 

confirm its wide distribution and demonstrate that these transporters constitute a 
multigene family within the ABC transporter superfamily. The critical finding was that 
overexpression of the human multidrug resistance-associated protein (MRPl) gene 
(Cole et al., 1 992, supra) confers increased MgATP-dependent GS-conjugate transport 
25 (Muller et al., 1994 supra; Leier et al.„ 1994, J. Biol. Chem. 269:27807-27810). 

Several other closely related GS-JTpump genes have been characterized. 
For example, a liver-specific GS-vifpump {cMOAT), mutation of which is believed to 
cause hereditary hyperbilirubinemia, has been cloned (Paulusma et a/., 1996,Science 
271:1126-1128). The present invention establishes that YCFl is a GS-A'pump. In 
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addition, as will become apparent from a reading of the present description, two plant 
genes, AtMRPl and AtMRP2 have been discovered in the present invention to encode 
homologs of MRP 1 , YCF 1 and cMOAT. 

The identification of YCF 1 as a vacuolar GS-A'pump is described in 
detail in the experimental details section. Similarly, the identification of two plant 
homologs of YCFl, AtMRPl and AtMRP2, is also described in detail in the 
experimental details section. Once armed with the present invention, the skilled artisan 
will know how to identify and isolate genes encoding other plant GS-Xpumps involved 
in sequestration of a variety of compounds in plants by following the procedures 
described herein. 

A plant gene encoding a GS-^pump is isolated using any one of several 
known molecular procedures. For example, primers comprising conserved regions of 
the sequences of any of YCFJ, AtMRPl ox AtMRPl. or in fact primers comprising 
conserved regions of any MRP subclass probes directed to human MRPl cMOAT, 
and other MRP genes) may be used as probes to isolate, by polymerase chain reaction 
(PGR) or by direct hybridization, as yet unknown YCFl, AtMRPl or AtMRP2 
homologs in a DNA library comprising specific plant DNAs. Alternatively, antibodies 
directed against YCFl, AtMRPl or AtMRP2 may be used to isolate clones encoding a 
GS-A'pump from an expression library comprising specific plant DNAs. The isolation 
of primers, probes, molecular cloning and the generation of antibodies are procedures 
that are well known in the art and are described, for example, in Sambrook et al. (1989, 
Molecular Cloning: A Laboratory Manual, Cold Spring Harbor, New York) and in 
Harlow et al. (1988, Antibodies, A Laboratory Manual, Cold Spring Harbor, New 
York). 

The invention includes an isolated DNA encoding a plant GS-A'pump 
capable of transporting a glutathionated compound across a biological membrane. 
Preferably, the membrane is derived from a cell. Preferably, the DNA encoding a plant 
GS-A'pump is at least about 40% homologous to at least one of YCFl, AtMRPl or 
AtMRP2. More preferably, the isolated DNA encoding a plant GS-ATpump is at least 
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about 50%, even more preferably, at least about 60%, yet more preferably, at least 
about 70%, even more preferably, at least about 80%, yet more preferably, at least 
about 90% homologous, and more preferably, at least about 99% homologous to at 
least one of YCF], AtMRPl oi AtMRP2. More preferably, the isolated DNA encoding 
aplant GS-A'pump isArabidopsis AtMRPl or AtMRP2. Most preferably, the isolated 
DNA encoding a plant GS-ATpump is SEQ ID N0S:1, 2, 4 or 5, 

Thus, the invention should be construed to include genes which encode 
Arabidopsis AtMRPl and AtMRP2 and Arabidopsis AtMRPl and AtMRP2-xt\s.itA 
genes. 

By "GS-A'pump" as used herein, is meant a protein which transports a 
glutathione-conjugated compound across a biological membrane. 

By the term "DNA encoding a GS-Apump" as used herein is meant a 
gene encoding a polypeptide capable of transporting a glutathionated compound across 

a biological membrane. 

By "/4/AfllP-related gene" as used herein, is meant a gene encoding a 
GS-A'pump which is a member of the MRP/YCFl/cMOAT family of genes. An 
AtMRP I or AtMRP2-TQ\ated gene may be present in a cell which also encodes an 
AtMRP gene or it may be present in a different cell and in a different plant species. 

As described in the Experimental Detail section, AtMRP genes encode 
proteins which have specific domains located therein, namely, the N-terminal 
extension, transmembrane spans, TMl and TM2. nucleotide binding folds, NBF 1 and 
NBF2, putative CFTR-like regulatory domain (R) and the C-terminus. An AtMRP- 
related gene is therefore also one in which selected domains in the related protein share 
significant homology (at least about 40% homology) with the same domains in either 
of YCF 1, AtMRPl or AtMRP2. For example, when the R-domain in the AtMRP- 
related protein shares at least about 40% homology with the R domain in YCFl, 
AtMRPl or AtMRP2, and when the product of that is a GS-Apump, then that gene is 
an AtMRP-xelated gene. Similarily, when the N-terminal extension in the AtMRP- 
related protein shares at least about 40% homology with the N-temiinal extension in 
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YCFl, AtMRPl or AtMRP2, and when the product of that is a GS-A'pump, then that 
gene is an ^/A/R?-related gene. It will be appreciated that the definition of an AtMRP- 
related gene encompasses those genes having at least about 40% homology in any of 
the described domains contained therein with the same or a similar domain in either of 
YCF 1 , AtMRPl or AtMRP2. In addition, when the term homology is used herein to 
refer to the domains of these proteins, it should be construed to be applied to homology 
at both the nucleic acid and the amino acid levels. 

While a significant homology between similar domains in AtMRP- 
related genes or their protein products is considered to be at least about 40%, 
preferably, the homology between domains is at least about 50%, more preferably, at 
least about 60%, even more preferably, at least about 70%, even more preferably, at 
least about 80%, yet more preferably, at least about 90% and most preferably, the 
homology between similar domains is about 99% between a domain in an AtMRP- 
related gene or protein product thereof, and at least one of YCFl, AtMRPl or AtMRP2 

or the protein products thereof. 

Plants from v/hich AtMRPl, AtMRP2 or YCFl related genes may be 
isolated include any plant in which the GS-Jf pump is found, including, but not limited 
to, soybean, castor bean, maize, petunia, potato, tomato, sugar beet, tobacco, oats, 
wheat, barley, pea, faba bean and alfalfa. 

By the term "glutathionated-conjugated compound" as used herein is 
meant a compound, e.g.. a metal, a xenobiotic, a isoflavonoid phytoalexin, anthocyanin 
or auxin, which is chemically conjugated to glutathionine. Conjugation of compounds 
to glutathione occurs naturally within cells and organisms and may also be 
accomplished enzymatically or non-enzymatically in vitro as described herein m the 
experimental details section. 

Also included in the invention is an isolated DNA encoding a 
biologically active polypeptide fragment of a plant GS-A'pump. Preferably, the 
isolated DNA encoding a biologically active polypeptide fragment of a plant GS-X 
pump is at least about 40% homologous to a biologically active polypeptide fragment 
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of at least one of YCFl, AtMRPl or AtMRP2. More preferably, the isolated DNA 
encoding a biologically active polypeptide fragment of a plant GS-A'pump is at least 
about 50%, even more preferably, at least about 60%, yet more preferably, at least 
about 70%, even more preferably, at least about 80%, yet more preferably, at least 
5 about 90%, and even more preferably, at least about 99% homologous to a biologically 
active polypeptide fragment ofat least one of YCFl, AtMRPl orAtMRP2. Most 
preferably, the isolated DNA encoding a biologically active polypeptide fragment of a 
plant GS-Xpump is a biologically active polypeptide fragment of Arabidopsis 
AtMRPl orAtMRP2. 

10 Preferably, the isolated DNA encoding a biologically active polypeptide 

fragment of a plant GS-A'pump is about 200 nucleotides in length. More preferably, 
the isolated DNA encoding a biologically active polypeptide fragment of a plant GS-X 
pump is about 400 nucleotides, even more preferably, at least about 600, yet more 
preferably, at least about 800, even more preferably, at least about 1000, and more 

15 preferably, at least about 1200 nucleotides in length. 

The invention further includes a vector comprising a gene encoding a 
plant GS-X pump and a vector comprising nucleic acid sequence encoding a 
biologically active fragment thereof The procedures for the generation of a vector 
encoding a plant GS-Jif pump, or fragment thereof, are well known in the art once the 

20 sequence of the gene is known, and are described, for example, in Sambrook et al. 
(supra). Suitable vectors include, but are not limited to, disarmed Agrobacterium 
tumor-inducing (Ti) plasmids (e.g., pBIN19) containing the target gene under the 
control of the cauliflower mosaic virus (CaMV) 35S promoter (Lagrimini et al, 1990, 
Plant Cell 2:7-18) or its endogenous promoter (Bevan, 1984, Nucl. Acids Res. 

25 12:8711-8721). 

Also included in the invention is a cell comprising an isolated DNA 
encoding a plant GS-;*f pump and a cell comprising an isolated DNA encoding a 
biologically active fragment thereof. Such a cell is referred to herein as a "recombinant 
cell." 
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The procedures for the generation of a cell encoding a plant GS-^ pump 
or fragment thereof, are well know in the art once the sequence of the gene is known, 
and are described, for example, in Sambrook et al. {supra). Suitable cells include, but 
are not limited to, yeast cells, bacterial cells, mammalian cells, and baculovirus- 

5 infected insect cells transformed with the gene for the express purpose of generating 

GS-;^ polypeptide. In addition, plant cells transformed with the gene for the purpose of 
producing cells and regenerated plants having increased resistance to and increased 
capacity for heavy metal accumulation, increased resistance to organic xenobiotics and 
increased capacity for organic xeuobiotic accumulation or altered coloration. 

10 The invention also includes an isolated preparation of a polypeptide 

comprising a plant GS-JkTpump capable of transporting a glutathionated compound 
across a biological membrane. Preferably, the isolated preparation of a polypeptide 
comprising a plant GS-Xpump is at least about 30% homologous to at least one of 
YCFl, AtMRPl or Att^lRP2. More preferably, the isolated preparation of a 

15 polypeptide comprising a plant GS-A-pump is at least about 40%. even more 

preferably, at least about 50%, yet more preferably, at least about 60%, even more 
preferably, at least about 70%, more preferably, at least about 80%, even more 
preferably, at least about 90% and more preferably, at least about 99% homologous to 
at least one of YCFl, AtMRPl or AtMRP2. More preferably, the isolated preparation 

20 of a polypeptide comprising a plant GS-Zpump is Arabidopsis AtMRPl or AtMRP2. 
Most preferably, the isolated preparation of a polypeptide comprising a plant GS-A' 

pump is SEQ ID NOS: 3 or 6. 

Also included in the invention is an isolated preparation of a 
biologically active polypeptide fragment of a plant GS-^pump. Preferably, the 
25 isolated preparation of a biologically active polypeptide fragment of a plant GS-A" 

pump is at least about 30% homologous to a biologically active polypeptide fragment 
of at least one of YCFl, AtMRPl or AtMRP2. More preferably, the isolated 
preparation of a biologically active polypeptide fragment of a plant GS-;r pump is at 
least about 40%, even more preferably, at least about 50%, yet more preferably, at least 
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about 60%. even more preferably, at least about 70% and yet more preferably, at least 
about 80%. even more preferably, at least about 90% and more preferably, at least 
about 99% homologous to a biologically active polypeptide fragment of at least one of 
YCFl , AtMRPl or AtMRP2. Most preferably, the isolated preparation of a 
5 biologically active polypeptide firagment of a plant GS-Xpump is a biologically active 
polypeptide fragment of Arabidopsis AtMRPl or AtMRP2. 

Preferably, the polypeptide in the isolated preparation of a biologically 
active polypeptide fragment of a plant GS-Xpump is about 60 amino acids in length. 
More preferably, the polypeptide in the isolated preparation of a biologically active 
10 polypeptide fragment of a plant GS-^f pump is about 130 amino acids, even more 
preferably, at least about 200. yet more preferably, at least about 300, even more 
preferably, at least about 350. and more preferably, at least about 400 amino acids in 
length. 

As used herein, the term "homologous" refers to the subunlt sequence 
15 similarity between two polymeric molecules e.g., between two nucleic acid molecules, 
e.g., between two DNA molecules, or two polypeptide molecules. When a subunit 
position in both of the two molecules is occupied by the same monomeric subunit, e.g., 
if a position in each of two polypeptide molecules is occupied by phenylalanine, then 
they are homologous at that position. The homology between two sequences is a direct 
20 function of the number of matching or homologous positions, e.g. , if half {e.g. , 5 
positions in a polymer 10 subunits in length) of the positions in two polypeptide 
sequences are homologous then the two sequences are 50% homologous; if 70% of the 
positions, e.g, 1 out of 10. are matched or homologous, the two sequences share 70% 
homology. By way of example, the polypeptide sequences ACDEFG and ACDHIK 
25 (SEQ ID NOS :9 and 1 0, respectively) share 50% homology and the nucleotide 
sequences CAATCG and CAAGAC share 50% homology. 

An "isolated DNA," as used herein, refers to a DNA sequence which has 
been separated from the sequences which flank it in a naturally occurring state, e.g., a 
DNA fragment which has been removed from the sequences which are normally 
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adjacent to the fragment, e.g., the sequences adjacent to the fragment in a genome in 
which it naturally occurs. The term also applies to nucleic acids which have been 
substantially purified from other components which naturally accompany the nucleic 
acid (e.g., RNA, DNA or protein) in its natural state. The term therefore includes, for 
5 example, a recombinant DNA which is incorporated into a vector; into an 

autonomously replicating plasmid or virus; or into the genomic DNA of a prokaryote or 
eukaryote; or which exists as a separate molecule (e.g., as a cDNA or a genomic or 
cDNA fragmem produced by PGR or restriction enzyme digestion) independent of 
other sequences. It also includes a recombinant DNA which is part of a hybrid gene 
10 encoding additional polypeptide sequence. 

As used herein, the term "isolated preparation of a polypeptide" 
describes a polypeptide which has been separated from components which naturally 
accompany it. Typically, a polypeptide is isolated when at least 10%. more preferably 
at least 20%, more preferably at least 50%, more preferably at least 60%, even more 
15 preferably at least 75%, more preferably at least 90%, and most preferably at least 99% 
of the total material (by volume, by wet or dry weight, or by mole per cent or mole 
fraction) of a sample is the polypeptide of interest. The degree of isolation of the 
polypeptide can be measured by any appropriate method, e.g., by column 
chromatography, polyacrylamide gel electrophoresis, or by HPLC analysis. For 
20 example, a polypeptide is isolated when it is essentially free of naturally associated 

components or when it is separated from tixe native compounds which accompany it in 
its natural state. 

As used herein, by the term "biologically active" as it refers to GS-X 
pump activity as used herein, is meant a polypeptide, or a fragment thereof, which is 
25 capable of transporting a glutatiiionated compound across a biological membrane. 

In summary, the invention should be construed to include DNA 
comprising AtMRFl and AtMRP2, and any mutants, derivatives, homologs and 
fragments thereof, which encode GS-^^fpump biological activity. 
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The invention further features an isolated preparation of a nucleic acid 
which is antisense in orientation to a portion or all of a plant GS-Xpump gene, wherein 
the nucleic acid is capable of inhibiting expression of the GS-^pump gene when 
introduced into cells comprising the GS-^-pump gene. The nucleic acid is antisense to 

5 either a portion or all of a plant GS-^T pump gene, which gene is preferably Arabidopsis 
AtMRPl. Arabidopsis AtMRP2 or a homolog thereof. The "isolated preparation of a 
nucleic acid" and the "portion" of the gene to which the nucleic acid is antisense, 
should be of a sufficient length so as to inhibit expression of the desired target gene. 
The actual length of the isolated preparation of the nucleic acid may vary, and will 

10 depend on the particular target gene and the region of that gene which is targetted. 
Typically, the isolated preparation of the nucleic acid will be at least about 1 5 
contiguous nucleotides; more typically, it will be between about 15 and about 50 
contiguous nucleotides, or it may even be more than 50 contiguous nucleotides in 
length. 

15 As used herein, a sequence of a nucleic acid is "aiitisense" to a portion 

or all of a GS-A'pump gene when the sequence of nucleic acid does not encode a GS-X 
polypeptide. Rather, the sequence which is being expressed in the cells is identical to 
the non-coding strand of the GS-ATpump gene and thus, does not encode a GS-X pump 
polypeptide. 

20 "Complementary," as used herein, refers to the subunit sequence 

complementarity between two nucleic acids, e.g., two DNA molecules. When a 
nucleotide position in both of the molecules is occupied by nucleotides normally 
capable of base pairing with each other, then the nucleic acids are considered to be 
complementary to each other at this position. Thus, two nucleic acids are 

25 complementary to each other when a substantial number (at least 50%) of 

corresponding positions in each of the molecules are occupied by nucleotides which 
normally base pair with each other (e.g., A:T and G:C nucleotide pairs). 

In yet another aspect of the invention, there is provided an antibody 
directed against a plant GS-^-pump. preferably AtMRPl or AtMRP2, which antibody 
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is specific for the whole molecule or either the N-terminal or the C-terminal or internal 
portions of AtMRPl orAtMRP2. Methods ofgenerating such antibodies are well 
known in the art and are described, for example, in Harlow et al {supra). 

The present invention also provides for analogs of proteins or peptides 
encoded by AtMRPl or AtMRP2. Analogs can differ firom naturally occurring proteins 
or peptides by conservative amino acid sequence differences or by modifications which 
do not affect sequence, or by both. 

For example, conservative amino acid changes may be made, which 
although they alter the prima^ sequence of the protein or peptide, do not normally alter 
its function. Conservative amino acid substitutions typically include substitutions 

within the following groups: 

glycine, alanine; 

valine, isoleucine, leucine; 

aspartic acid, glutamic acid; 

asparagine, glutamine; 

serine, threonine; 

lysine, arginine; 

phenylalanine, tyrosine. 
Modifications (which do not normally alter primary sequence) include in vivo, or in 
vitro chemical derivatization of polypeptides, e.g., acetylation, or carboxylation. Also 
included are modifications of glycosylation, e.g., those made by modifying tiie 
glycosylation patterns of a polypeptide during its syntiiesis and processing or in fiirther 
processing steps; e.g., by exposing the polypeptide to enzymes which affect 
glycosylation, e.g, mammalian glycosylating or deglycosylating enzymes. Also 
embraced are sequences which have phosphorylated amino acid residues, e.g., 
phosphotyrosine, phosphoserine, or phosphotiireonine. 

Also included are polypeptides which have been modified using 
ordinary molecular biological techniques so as to improve tiieir resistance to proteolytic 
degradation or to optimize solubility properties or to render tiiem more suitable as a 
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therapeutic agent. Analogs of such polypeptides include those containing residues 
other than naturally occurring L-amino acids, e.g., D-aniino acids or non-naturally 
occurring synthetic amino acids. The peptides of the invention are not limited to 
products of any of the specific exemplary processes listed herein. 

The invention further includes a transgenic plant comprising an isolated 
DNA encoding a plant GS-A'pump polypeptide or a fragment thereof, capable of 
transporting a glutathionated compound across a biological membrane. The transgenic 
plant of the invention may comprise a transgene encoding a plant GS-Jf pump 
polypeptide or a fragment thereof, or it may comprise a transgene encoding a yeast GS- 
A'pump polypeptide or a fragment thereof, which yeast transgene is expressed in the 
plant to yield a biologically active GS-A'pump protein product. By way of example, 
there is provided herein in the experimental examples section a transgenic Arabidopsis 
plant comprising a yeast YCFl transgene, which when the transgene is expressed in the 
transgenic plant, confers upon the plant the ability to grow on media containing 
concentrations of heavy metal (cadmium) or organic xenobiotic (CDNB) that otherwise 
prevent of nontransgenic plants. 

The invention also includes a transgenic plant comprising an isolated 
DNA comprising the sequence of a plant GS-JTpump polypeptide or a fragment 
thereof, which plant GS-JSTpump is capable of transporting a glutathionated compound 
across a membrane derived from a cell, wherein the sequence of the isolated DNA is 
positioned in an antisense orientation with respect to the direction of transcription of 
the DNA. 

Thus, included in the invention is a transgenic plant comprising an 
isolated DNA encoding a yeast YCFl or a fragment thereof, capable of transporting a 
glutathionated compound across a membrane derived from a cell. 

In addition, the invention includes a transgenic plant comprising an 
isolated DNA comprising the sequence of a yeast YCFl gene or a fragment thereof, 
wherein the sequence of the isolated DNA is positioned in an antisense orientation with 
respect to the direction of transcription of the DNA. 
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By "transgenic plant" as used herein, is meant a plant, the cells, the 

seeds and the progeny of which comprise a gene inserted therein, which gene has been 

manipulated to be inserted into the cells of the plant by recombinant DNA technology. 

The manipulated gene is designated as a "transgene." 
5 By the term "nontransgenic but otherwise substantially homo^gbus 

wild type plant" as used herein, is meant a nontransgenic plant firom which the 

transgenic plant was generated. 

"Positioned in an antisense orientation with respect to the direction of 

transcription of the DNA" as used herein, means that the transcription product of the 
10 DNA, the resulting mKNA, does not encode a GS-Xpump. Rather, the mRNA 

comprises a sequence which is complementary to an mRNA which encodes a GS-X 

pump. 

If vacuolar transport rate limits xenobiotic detoxification and if the 
amount of GS-Jf pump is rate limiting on the overall rate of vacuolar uptake, transgenic 

15 plants with increased YCFl, AtMRPJ oxAtMRP2 expression are expected to be more 
resistant to the toxic effects of glutathione-conjugable xenobiotics and capable of 
accumulating higher vacuolar conjugate levels than non-transgenic plants. The former 
property permits the sustained growth of transgenic plants in the presence of xenobiotic 
concentrations that would retard the growth of plants exhibiting normal levels of 

20 transporter expression. The latter property confers on the plants the ability for 
hyperaccumulation of glutathionated xenobiotics. 

Increased resistance to xenobiotics has application in herbicide 
technology and plant growth in habitats polluted with organics. Hyperaccumulation 
has application in the extraction of organic pollutants from contaminated ground soils. 

25 The closest known similar technologies to those described herein (a) 

involve tiie isolation of mutants or the engineering of plants in which tiie target for 
xenobiotic action is no longer sensitive, (b) involve the generation of mutants witii 
elevated cellular levels of glutatiiionine (GSH) or with increased glutathione-5- 
transferase activities, or (c) involve tiie application of chemical agents ("safeners") tiiat 
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elevate GSH and/or glutathione-5-transferase levies or activities. These known 
technologies differ from the strategy proposed herein in three respects: (i) The utility 
of mutated target gene products is limited in its application to those xenobiotics that 
directly interact with the target in question. In contrast, the vacuolar GS-A'pump is of 
5 broad substrate specificity, (ii) Technologies based on elevated cellular GSH levels or 
increased glutathione-S-transferase catalytic efficiencies are limited by the capacity of 
cells to subsequently metabolize and/or sequester the conjugates generated. The 
success of these latter technologies eventually depends on delivery of GSH-conjugates 
into the vacuole and in turn, depends on the activity of the vacuolar GS-X pump, (iii) 
10 Since the plant vacuole frequently constitutes 40-90% of total intracellular volume and 
the GS-A'pump mediates the uptake of xenobiotics into this compartment, the potential 
for hyperaccumulation on a tissue weight basis is great. Hyperaccumulators may 
therefore be used for the fixation/sequestration of toxins and their removal from soils. 
None of the other known technologies have this characteristic. 
15 The generation of transgenic plants comprising sense or antisense DNA 

having tiie sequence of a GS-Jf pump or a fragment thereof, may be accomplished by 
transformation of the plant with a plasmid encoding the desired DNA sequence. 
Suitable vectors include, but are not limited to, disarmed Agrobacterium tumor- 
inducing (Ti) plasmids containing a sense or antisense strand placed under the control 
20 of the strong constitutive CaMV 35S promoter or under the control of an inducible 
promoter (Lagrimini et ai, 1990, supra; van der Krol et al, 1988, Gene 72:45-50). 
Metiiods for the generation of such constructs, plant transformation and plant 
regeneration are well known in tiie art once the sequence of the desired gene is known 
and are described, for example, in Ausubel et al. (1993, Current Protocols in 
25 Molecular Biology, Greene and Wiley, New York). 

Suitable vector and plant combinations will be readily apparent to tiiose 
of skill in the art and can be found, for example, in Maliga et al. (1994, Methods in 
Plant Molecular Biology: A Laboratory Manual, Cold Spring Horbor, New York). 
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Transformation of plants may be accomplished using the 
Agrobacterium-mediated leaf disc transformation method described by Horsch et al. 
(1988, Leaf Disc Transformation. Plant Molecular Biology Manual A5:\). 

A number of procedures may be used to assess whether the transgenic 
plant comprises the desired DNA. For example, genomic DNA obtained from the cells 
of the transgenic plant may be analyzed by Southern blot hybridization or by PCR to 
determine the length and orientation of any inserted, transgenic DNA present therein. 
Northem blot hybridization analysis or PCR may be used to characterize mRNA 
transcribed in cells of the transgenic plant. In situations where it is expected that the 
cells of the transgenic plant express GS-X polypeptide or a fragment thereof, Westem 
blot analysis may be used to identify and characterize polypeptides so expressed using 
antibody raised against the GS-A'pump or fragments thereof. The procedures for 
performing such analyses are well known in the art and are described, for example, in 

Sambrook et al (supra). 

The transgenic plants of the invention are useful for the manipulation of 
xenobiotic detoxification, heavy metal detoxification, control of plant pathogens, 
control of plant coloration, herbicide metabolism and phytohormone metabolism. For 
example, a transgenic plant encoding an AtMRPl or an AtMRP2 gene or an AtMRPl- 
01 AtMRP2-TQ\aXed gene, or a yeast YCFl or yCFy -related gene, is useful for 
xenobiotic detoxification and heavy metal detoxification when grown on soil 
containing xenobiotics or heavy metals. Such plants are capable of removing 
xenobiotic toxins or heavy metals from the soil thereby generating soil which has 
reduced levels of compounds that are detrimental to the overall health of the 
environment. 

Accordingly, the invention includes a method of removing xenobiotic 
toxins from soil comprising generating a transgenic plant having a transgene encoding 
a GS-Xpump and planting the plant or the seeds of the plant in the soil wherein 
xenobiotic toxins in the soil are sequestered within the plant during growth of the plant 
in the soil. 
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Similarly, the invention includes a method of removing heavy metals 
from soil comprising generating a transgenic plant having a transgene encoding a GS-X 
pump and planting the plant or the seeds of the plant in the soil wherein heavy metals 
in the soil are sequestered within the plant during growth of the plant in the soil. 

When the levels of xenobiotic toxins or heavy metals in the soil have 
been sufficiently reduced, the transgenic plant may be removed from the soil and 
destroyed or discarded in an environmentally safe manner. For example, the harvested 
plants can be reduced in volume and/or weight by thermal, microbial, physical or 
chemical means to decrease handling, processing and potential subsequent land filling 
costs (Cunningham et al, 1996, Plant Physiol. 110:715-719). In the case of valuable 
metals, subsequent smelting and recovery of the metal may be cost-effective (Raskin, 
1996, Proc. Natl. Acad. Sci. USA 93:3164-3166). 

This technique of remediating soil is more efficient, less expensive and 
easier than most chemical or physical methods. The estimated costs of remediation are 
as follows: U.S. $10-100 per cubic meter of soil for removal of volatile or water 
soluble pollutants by in situ remediation using plants; U.S. $60-300 per cubic meter of 
soil for landfill or low temperature thermal treatment remediation of soil contaminated 
with the same compounds; and, U.S. $200-700 per cubic meter of soil for remediation 
of soil contaminated with materials requiring special landfiUing arrangements or high 
temperature thermal treatment (Cunningham etal., 1995, Trends Biotechnol. 13:393- 
397). 

Preferably, the transgene in the transgenic plant of the invention is 
AtMRPl, AtMRP2, YCFl or genes encoding fragments or analogs of AtMRPl, 
AtMRP2 or YCFl, or the transgene is a gene which is related to AtMRPl , AtMRPl, 
YCFl. 

The types of plants which are suitable for use in this method of the 
invention include, but are not limited to, high yield crop species for which cultivation 
practices have already been perfected, or engineered endemic species that thrive in the 
area to be remediated. 
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In certain situations, it may be necessary to prevent the removal of 
substances such as xenobiotic toxins and heavy metals from the soil. In such 
situations, transgenic plants are generated comprising a transgene comprising a GS-X 
pump sequence which is in the antisense orientation with respect to transcription. Such 
5 transgenes therefore serve to inhibit the function of a GS-^pump expressed in the 
plants thereby preventing removal of xenobiotics or heavy metals from the soil. 

The production of plants having GS-A'pump antisense sequences has 
application in the manipulation of plant/food coloration and in the diminution of 
organic xenobiotic (e.g., herbicide) or heavy metal accumulation by crop species. For 
10 example, ingestion by animals or humans of low organic toxin/low heavy metal crops 
will likely contribute to an improvement in the overall healtii of animals and humans. 

Accordingly, the invention includes a metiiod of preventing the removal 
of xenobiotic toxins or heavy metals from soil comprising generating a transgenic plant 
having a transgene comprising a GS-A'pump sequence which is in tiie antisense 
15 orientation with respect to transcription and planting the plant or the seeds of the plant 
in the soil, wherein removal of xenobiotics and heavy metals from the soil is prevented 
during growth of the plant in the soil. 

The antisense sequences which are useful for the generation of 
transgenic plants having antisense GS-Xpump sequences are tiiose which will inhibit 
20 expression of a resident GS-X gene in the plant. 

The types of plants which are suitable for use in this method of the 
invention using antisense sequences include, but are not limited to, plants for which 
anthocyanins contribute to flower, fruit or leaf coloration and food crops for which 
decreased organic xenobiotic and/or heavy metal accumulation is desirable. 
25 In a similar manner to tiiat described herein, a transgenic plant may be 

generated which exhibits increased accumulation and/or resistance to isoflavonoid 
alexins by introducing into the cells of the plant a transgene encoding a GS-X pump 
capable of transporting glutathionated isoflavonoid alexins into vacuoles in the plant, 
thereby isolating the isoflavonoid alexins from the cytoplasm of the cells of tiie plant. 
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Preferably, the transgene is AtMRPl.AtMRP2, YCFl or genes encoding fragments or 
analogs of AtMRPl, AtMRP2 or YCFl, or the transgene is a gene which is related to 

AtMRPU AtMRPl or YCFL 

The invention thus includes a method of generating a pathogen-resistant 
5 transgenic plant comprising introducing into the plant a transgene encoding a GS-X 
pump capable of transporting glutathionated isoflavonoid alexins into vacuoles in the 
plant. 

The types of plants suitable for the introduction of the desired transgene 
include, but are not limited to, plants which are leguminous plants, for example, alfalfa, 
10 cashew nut, castor bean, faba bean, french bean, mung bean, pea, peanut, soybean and 
walnut. 

As discussed herein, it has also been discovered in the present invention 
that the Bz2 gene which encodes a glutathione-S-transferase, glutathionates 
anthocyanins and possibly other compounds for transport by the GS--Ypump. The 

15 anthocyanin-derivatives so generated are subsequently transported across biological 

membranes by the vacuolar GS-A'pump. Vacuolar anthocyanins are responsible for the 
red and purple hues of many plant organs (petals, leaves, stems, seeds, fruits, etc.). 
Vacuolar anthocyanins are found in most flowering plants. However, they are not 
solely responsible for plant coloration. Rather, plant coloration is determined by the 

20 relative amounts and combinations in which these various pigments are accumulated. 
Thus, it is possible to manipulate plant coloration by generating transgenic plants with 
increased (sense DNA) or decreased (antisense DNA) expression of the GS-Xpump. 
Transgenic plants having GS-^pump sense sequences are expected to contain more 
red/purple pigmentation that their nontransgenic but otherwise homozygous 

25 counterparts and transgenic plants having GS-X pump antisense sequences are 
expected to contain less red/purple pigmentation and possibly more brown 
pigmentation that their nontransgenic but otherwise homozygous counterparts. The 
generation of such types of transgenic plants may be accomplished following the 
procedures described herein. 
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With respect to the aforementioned information regarding anthocyanins, 
it is important to note that accumulating evidence from studies of the MRP-subclass 
members from non-plant sources reveals that the group of transporters formerly 
referred to an GS-A' pumps because of their affinity toward GS-conjugates, GSSG and 
5 cysteinyl leukotrienes, do not transport GS-conjugates exclusively (Ishikawa et al., 
1997, Bioscience Reports 17:189-208). Investigation of the human MRPl protein, 
cMOAT and ScYCFl establish that these proteins are capable of transporting a broad 
range of compounds in addition to GS-conjugates and GSSG Jedlitschky et al., 1996, 
Cancer Res. 56:988-994; Paulusma et al., 1996, Science 271:1126-1 128; Jansen et al., 
10 1987, Hepatol. 7:71-76; Sathirakul et al., 1993, J. Pharmacol. Exp. Therap. 268:65-73). 
Thus, these proteins transport non-glutathionated compounds. 

It has been discovered in the present invention that the plant proteins, 
Ati^l and AtMRP2, differ in their substrate preferences. For example, no only does 
AtMRP2 exhibit a much higher tiransport capacity tiian does AtMRPl, but AtMRP2 
15 has the capacity to transport chlorophyll breakdown products in leaf senescence, which 
breakdown products are not glutatiiionated. Thus, according to the present invention, it 
is possible to manipulate plant coloration by changing tiie relative levels of expression 
of various members of this class of transporters in a plant cell. It is possible, using the 
information provided herein, to affect the rate of breakdown of chlorophyll, for 
20 example, by manipulating the expression of AtMRP2 in a plant cell. 

In addition to tiie above, there is provided as part of the invention, 
AtMRPl and AtMRP2 promoter sequences. By operably coupling tiie AtMRPJ or 
AtMRP2 promoters to other genes, it may be possible to confer on these otiier genes 
expression characteristics similar to those of AtMRPl or AtMRP2, namely, modulation 
25 by xenobiotics, plant pathogens, etc. The data which are presented herein include the 
promoter sequences of these genes, which promoter sequences are useful in a variety of 
applications in plants. For example, GS-;rpump activity which is associated with 
herbicide metabolism (exemplified by organic xenobiotic transport), heavy metal 
sequestration (exemplified by cadmium transport), plant-pathogen interactions 
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(exemplified by vacuolar uptake of medicarpin), plant cell pigmentation (exemplified 
by transport of glutathionated anthocyanins) and plant hormone metabolism 
(exemplified by the transport of glutathionated auxins) may be examined as a result of 
the present invention. The present invention facilitates the identification of plants and 
cells therein which are capable of GS-Xpump activity, and further facilitates the 
exploitation of plant cell GS-J^pump activity for the purpose of affecting plant function 
with respect to herbicide metabolism, heavy metal sequestration, plant-pathogen 
interactions, plant cell pigmentation and plant hormone metabolism. 

The invention includes an isolated DNA comprising a plant GS-Xpump 
promoter sequence capable of driving expression of a plant GS-ATpump gene, which 
gene is capable of transporting a glutathionated compound across a biological 
membrane. Preferably, the membrane is derived from a cell. 

Preferably, the isolated DNA comprising a plant GS-Jfpump promoter 
sequence is at least about 40% homologous to at least one of the AtMRPl or AtMRPl 
promoter sequences presented herein in Figures 23 and 24, respectively. More 
preferably, the isolated DNA comprising a plant GS-Xpump promoter sequence is at 
least about 50%, even more preferably, at least about 60%, yet more preferably, at least 
about 70%, even more preferably, at least about 80%, yet more preferably, at least 
about 90% homologous, and more preferably, at least about 99% homologous to at 
least one oi AtMRPl or AtMRP2 promoter sequences presented herein in Figures 23 
and 24, respectively. Most preferably, the isolated DNA comprising a plant GS-A' 
pump promoter sequence is Arabidopsis AtMRPl or AtMRP2 as shown in Figures 1 

and 2, respectively. 

Thus, the invention should be constiued to include isolated DNA 
sequences comprising promoter sequences which in their natural fonn drive expression 
of genes which encode Arabidopsis AtMRPl and AtMRP2 and Arabidopsis AtMRPl 
and AtMRP2-rela.ttd genes. Once armed with the present invention, it is a simple 
matter to isolate sequences which are related to those shown in Figures 1 and 2. For 
example, conventional hybridization technology and/or PGR technology may be 
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employed, primers may be designed using the sequences provided herein, data bases 
may be searched and the like. Procedures for the isolation of promoter sequences 
which are related to those described herein are described in Sambrook et al. (1989, 
Molecular Cloning: A Laboratory Manual Cold Spring Harbor, NY) and in Ausubel 

5 et al (1993, Current Protocols in Molecular Biology, Greene and Wiley, New York). 

By the term "promoter sequence" as used herein, is meant a DNA 
sequence which is required for expression of a gene which is operably linked thereto. 
In some instances, this sequence may be a core promoter sequence and in other 
instances, this sequence may also include an enhancer sequence and other regulatory 

10 elements which are required for expression of the gene in a tissue-specific manner. 
Thus, a promoter sequence must include an RNA polymerase binding site and may 
include appropriate transcription factor binding sites as are necessary for activation of 
transcription and expression of the gene to which the promoter sequence is attached at 
the 5' end of the gene. 

15 Typically, the promoter sequence of the invention comprises at least 

about 150 bp in length. More typically, the promoter sequence comprises at least about 
300 bp in length. More typically, the promoter sequence comprises at least about 400 
bp, even more typically, at least about 500 bp, yet more typically, at least about 600 bp, 
even more typically, at least about 800 bp, yet more typically, at least about 1000 bp 

20 and even more typically, at least about 1200 or more bp in length. 

The promoter sequence of the invention may also comprise discrete 
sequences (elements) which function to regulate the activity of the promoter. 
Frequently, such elements respond to the presence or absence of environmental factors, 
thereby controlling gene expression in direct response to factors which are associated 

25 with the environmental mileau of the plant. The response of the plant to these factors 
affects the overall well-being of the plant. Elements which may be present in the 
promoter sequence of the invention include, but are not limited to, a Myb recognition 
sequence, a xenobiotic regulatory element, an antioxidant response element, a bZIP 
recognition sequence, and the like. 
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Plants from which AtMRPl- or AtMRP2-Tcl2Licd genes and therefore 
promoter sequences, may be isolated include any plant in which the GS-A^pump is 
found, including, but not limited to, soybean, castor bean, maize, petunia, potato, 
tomato, sugar beet, tobacco, oats, wheat, barley, pea, faba bean and alfalfa. 

5 The invention further includes a vector comprising a plant GS-Jf pump 

promoter sequence operably fused to a reporter gene and capable of driving expression 
of the reporter gene. The procedures for the generation of a vector comprising a plant 
GS-Jf pump promoter sequence are well know in the art once the sequence of the gene 
is known, and are described, for example, in Sambrook et al. (supra) . Suitable vectors 

10 include, but are not limited to, disamied Agrobacterium tumor-inducing (Ti) plasmids 
(e.^., pBIN19) (Lagrimini et al., 1990, Plant Cell 2:7-18; Bevan, 1984, Nucl Acids 
Res, 12:8711-8721). 

Also included in the invention is a cell comprising a plant GS-A'pump 
promoter sequence operably fused to a reporter gene. The procedures for the generation 

15 of a cell encoding a plant GS-J!f pump or fragment thereof, are well know in the art 

once the sequence of the gene is known, and are described, for example, in Sambrook 
et al. (supra). Suitable cells include, but are not limited to, plant cells, yeast cells, 
bacterial cells, mammalian cells, and baculovirus-infected insect cells. In addition, 
plant cells transformed with the promoter/reporter gene construct, for the purpose of 

20 assessing the effect of various compounds on promoter activity are also contemplated 
in the invention. Normal plant cells and those plant cells having increased resistance to 
and increased capacity for heavy metal accumulation, increased resistance to organic 
xenobiotics and increased capacity for organic xenobiotic accumulation or altered 
coloration, which cells comprise the promoter sequence of the invention operably fused 

25 to a reporter gene, are all contemplated as part of the invention. When the promoter is 
fused to a reporter gene, the promoter is said to be operably linked to the reporter gene. 

A "reporter gene" as used herein, is one which when expressed in a cell, 
results in the production of a detectable product in the cell. The level of expression the 
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product in the cell is proportional to the activity of the promoter sequence which drives 
expression of the reporter gene. 

By describing two nucleic acid sequences as "operably linked" as used 
herein, is meant that a single-stranded or double-stranded nucleic acid moiety 
comprises each of the two nucleic acid sequences and that the two sequences are 
arranged within the nucleic acid moiety in such a manner that at least one of the two 
nucleic acid sequences is able to exert a physiological effect by which it is 
characterized upon the other. 

Suitable reporter genes include, but are not limited to, p-glucuronidase 
(GUS) and green fluorescent protein (GFP), although any reporter gene capable of 
expression and detection in plant cells which are either known or heretofore unknown, 
may be fused to the plant GS-J(f promoter sequences of the invention. 

The invention further includes a transgenic plant comprising an isolated 
DNA comprising a plant GS-Xpump promoter sequence as defined herein. 

The generation of transgenic plants comprising a plant GS-Xpump 
promoter sequence operably fused to a reporter gene, may be accomplished by 
transformation of the plant with a plasmid comprising the desired DNA sequence. 
Suitable vectors include, but are not limited to, disarmed Agrobacterium tumor- 
inducing (Ti) plasmids (Lagrimini et al, 1990, supra\ van der Krol et al, 1988, Gene 
72:45-50). Methods for the generation of such constructs, plant transformation and 
plant regeneration are well known in the art once the sequence of the desired nucleic 
acid is known and are described, for example, in Ausubel et al (1993, Current 
Protocols in Molecular Biology, Greene and Wiley, New York). 

Suitable vector and plant combinations will be readily apparent to those 
of skill in the art and can be found, for example, in Maliga et al (1994, Methods in 
Plant Molecular Biology: A Laboratory Manual Cold Spring Harbor, New York). 

Transformation of plants may be accomplished using the 
Aff'obacterium'mtdXditd leaf disc transformation method described by Horsch et al 
(1988, Leaf Disc Transformation, Plant Molecular Biology Manual A5:l). 
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A number of procedures may be used to assess whether the transgenic 
plant comprises the desired DNA. For example, genomic DNA obtained from the cells 
of the transgenic plant may be analyzed by Southern blot hybridization or by PGR to 
determine the length and orientation of any inserted, transgenic DNA present therein. 

5 Northern blot hybridization analysis or RT-PCR may be used to characterize mRNA 
transcribed in cells of the transgenic plant. In situations where it is expected that the 
cells of the transgenic plant express GS--^f polypeptide or a fragment thereof, Western 
blot analysis may be used to identify and characterize polypeptides so expressed using 
antibody raised against the GS-Xpump or fragments thereof The procedures for 

10 performing such analyses are well know in the art and are described, for example, in 
Sambrook et al. (supra). 

The transgenic plants of the invention are useful for the examination of 
xenobiotic detoxification, heavy metal detoxification, control of plant pathogens, 
control of plant coloration, herbicide metabolism and phytohormone metabolism. For 

15 example, a transgenic plant comprising an AtMRPl or an AtMRP2 promoter sequence 
fused to a reporter gene is useful for the examination of xenobiotic detoxification and 
heavy metal detoxification when grown on soil having xenobiotic toxins or heavy 
metals. Such plants are useful to an understanding of the mechanisms by which GS-A" 
pump gene expression is activated and are therefore useful for the eventual generation 

20 of plants which are capable of removing xenobiotic toxins or heavy metals from the 

soil thereby generating soil which has reduced levels of compounds that are detrimental 
to the overall health of the environment. 

The types of plants which are suitable for use include, but are not 
limited to, high yield crop species for which cuUivation practices have already been 

25 perfected, or engineered endemic species that thrive in the area to be remediated. In 

addition plants for which anthocyanins contribute to flower or leaf coloration and food 
crops for which decreased organic xenobiotic and/or heavy metal accumulation is 
desirable are also suitable for use in the invention. Further useful plants are those in 
which it is desirable that they are capable of increased accumulation and/or resistance 
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to isoflavonoid alexins. Plants for which pathogen resistance is desired are also useful 
in the invention. Such plants include, but are not limited to, plants which are 
leguminous plants, for example, alfalfa, cashew nut, castor bean, faba bean, french 
bean, mung bean, pea, peanut, soybean and walnut. In addition, plants for which it is 
desirable to manipulate plant coloration are also useful in the invention. 

The promoter sequences of Arabidopsis GS--Ypump genes AtMRPl and 
AtMRP2 are shown m Figures 23 and 24, respectively. The following should be noted. 
bZIP transcription factor recognition elements have the sequences CACGTG or 
TGACG(T/C). One of these is present in the AtMRP2 promoter sequence, but none are 
present in the AtMRPl promoter sequence. Myb transcription factor recognition 
elements having the sequences A(a/D)(aaD)C(G/C) and AGTTAGTTA, wherein a/D = 
A, G or T with A being preferred, are present in the AtMRPl promoter sequence, but 
are not present in the AtMRP2 promoter sequence. Xenobiotic regulatory elements 
(XREs) having the core sequence GCGTG are found in multiple copies in the 
promoters of cytochrome P450 monooxygenase genes and glutathione iS-transferase 
genes (Rushmore et al., 1993, J. Biol. Chem. 268:1 1475-1 1478). One XRE is found in 
the promoter sequence of AtMRPL Antioxidant response elements (AREs) consist 
typically of two core sequences GTGACA(An')(A/T)GC (SEQ ID N0:11) that are 
binding sites for Activator Protein-1 (AP-1) transcription factor complex (Daniel, 1993, 
CRC Grit. Rev. Biochem 25:173-207; Friling et al., 1992, Proc. Natl. Acad. Sci. USA 
89:668-672). There is only one ARE in the AtMRPl promoter sequence shown in 
Figure 23. It has been proposed that GST genes containing an ARE are induced by 
electrophiles and conditions that generate oxidative stress (Daniel, supra). RNA 
instability determinants having the sequence ATTTA have been found in several plant 
GSTs. These sequences, considered to target RNAs for degradation by RNases are 
usually found in the 3*-UTRs of genes (Takahashi et al., 1992, Proc. Natl. Acad. Sci. 
USA 89:56-59). Several of these sequences are found in both the AtMRPl and 
AtMRP2 promoter sequences presented herein. However, it is not clear whether these 
sequences merely reflect the AT-richness of the sequences. 
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To assess GS-J^pump gene expression in a plant cell whether the cell is 
contained within a plant or whether the cell is separated from the plant, a plasmid may 
be generated which comprises the p-glucuronidase (GUS) reporter gene fused to a 
plant GS-A" promoter sequence. Preferably, the promoter sequence is cither AtMRPl 
01 AtMRP2. The appropriate restriction fragment is subcloned into the GUS 
expression vector pBIlOl .3 (Jefferson et al., 1987, EMBO J., 6:3901-3907). After 
confirming the correct reading frame by sequencing, Agrobacterium or any other 
suitable vector, is transformed with the expression construct and is then used to used to 
transform the plant, or the cells thereof (Valvekens et al., 1988, Proc. Natl. Acad. Sci. 

USA 85:5536-5540). 

Expression of GUS may be localized histochemically by staining with 
5-bromo-4-chloro-3-indoyl p-D-glucuronide (X-Gluc) (Jefferson et al., supra). 
Sections are obtained from the plant, they are incubated in X-Gluc, cleared by boiling 
in ethanol and are examined under the microscope. To eliminate or enumerate 
complications arising from the transfer of GUS reaction product between cells, the 
distribution of GUS expression is then further examined both immunologically and 
biochemically, p-glucuronidase protein is assessed using standard dot-blotting and 
immunolocalization techniques (Harlow et al., 1988, Antibodies: A Laboratory 
Manual, Cold Spring Harbor Laboratory, NY) using rabbit anti-P-glucuronidase serum 
(Clontech). Direct estimates of GUS activity are be made fluorimetrically using 
4-methyl-umbelliferyl glucuronide as substrate (Jefferson et al., supra) after dissection 

and extraction of explants. 

GUS reporter gene analyses enable examination of plant responses to 
oxidative stress and pathogens as well as herbicides. In addition, GUS reporter gene 
analyses enable tests of whether certain pigment-rich cell types also exhibit high levels 

of AtMRP expression. 

The AtMRP] and AtMRPl promoter sequences are also usefiil for 
manipulating the expression of other genes in plants in that, transgenic plants may be 
generated which contain a desired plant gene operably fiised to a GS-Jf pump promoter 
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sequence. The GS-Xpump promoter sequence may be an AtMRPJ or an AtMRP2 
promoter sequence or a YCFI promoter sequence positioned in an orientation such that 
the promoter sequence drives expression of the desired gene. The desired gene may 
be a plant or a non-plant gene. The generation of such transgenic plants confers upon 
the plants the ability to respond to the presence of xenobiotics and other compounds 
which influence the promoter activity 

In considering transport substrates for GS-AT pumps, the status of GSSG 
as an endogenous OS-conjugate (of GSH with itself) and its involvement in cellular 
responses to active oxygen species (AOS) should not be overlooked. The sulftiydryl 
group of GSH confers strong nucleophilicity and the facility for reacting with AOS, 
such as superoxide radicals (O^" ), hydroxyl radicals (OH ) and hydrogen peroxide. 
GSH is found in the majority of eukaryotes but in prokaryotes (eabacteria) it appears 
to be restricted to the cyanobacteria and purple bacteria (Fahey and Sundquist 
1991, Adv. Enzymol. Relat. Mol. Biol. 64:1-53). Since the cyanobacteria are 
considered to be the first group of organisms capable of oxygenic photosynthesis and 
these and the purple bacteria probably gave rise to plant chloroplasts and 
mitochondria, respectively, it has been proposed that the emergence of the capacity for 
GSH biosynthesis was associated with the appearance of oxygenic and oxytrophic 
metabolism (approximately 4x10' years ago) to combat the attendant problem of 
AOS production. Most, if not all, of the factors known to elicit GST induction - 
pathogen attack, heavy metals, certain organic xenobiotics, wounding and ethylene - 
promote AOS production (Inze and Montagu 1995, Current Opinion in Biotech. 
6:153-158). Intriguing, therefore, is the possibility that GS-j^f pumps arose from the 
need to detoxify AOS and the products of their action. 

The feasibility of such a scheme has yet to be investigated 
systematically but a number of disparate observations are at least consistent with a 
close connection between oxidative stress and GS-^-pump fiinction: (i) All identified 
MRP-subclass transporters, including AtMRPl and AtMRP2 recognize GSSG as a 
substrate. Studies of GS-X pumps originated from the discovery of ATP-dependent 
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GSSG efflux from erythrocytes (Srivastava and Beutler 1969, J. Biol. Chem. 
244:9-16). (ii) In S. cerevisiae, overexpression of yAPl, a bZIP transcription factor, 
not only activates the YCFl and GSHl genes (Wemmie et al 1994, supra; Wu and 
Moye-Rowley 1994, supra), the latter of which encodes y-glutamylcysteine 
synthetase, but also a panoply of oxidoreductases (DeRisi et al 1997, Science 
278:680-686). Of the 17 genes whose mRNA levels are found to be increased by 
more than threefold on DNA microairays by yAPl, more than two-thirds contain 
canonical upstream yAPl -binding sites (1TACTAA or TGACTAA), five bear 
homology to aryl-alcohol oxidoreductases and four to the general class of 
dehydrogenases/oxidoreductases (DeRisi et al 1997, supra). In view of the capacity of 
yAPl overexpression to confer increased resistance to hydrogen peroxide, 
o-phenanthroline and heavy metals (Hirata et al 1994, Mol. Gen. Genet. 242:250-257), 
the fact that an appreciable firaction of the yAPl -regulated target genes identified 
against the yeast genome project database are oxidoreductases and coregulated with 
both YCF] and GSHI, suggests that all of these genes play a protective role during 
oxidative stress, (iii) Two particularly harmful and early effects of AOS production 
are membrane lipid peroxidation, and oxidative DNA damage which yield highly toxic 
4-hydroxyalkenals (Esterbauer et al 1991, Biochem. J. 208:129-140) and base 
propanols (Berhane et al 1994, Proc. Natl. Acad. Sci. USA 91:1480-1484), 
respectively. Although such a,b-unsaturated aldehydes (and their GS-conjugates) have 
not yet been screened against the GS-^f pumps from plant sources, they are established 
substrates for mammalian GSTs (Berhane et al 1994, supra) and their glutathionated 
derivatives are transported at high efficiency by mammalian GS->^ pumps (Ishikawa 
1989, J.Biol. Chem. 264:17343-17348). 

There is therefore also included in the invention a method of alleviating 
oxidative stress in a plant comprising intorducing into the cells of the plant DNA 
encoding a GS-Xpump. 

The invention is further described in detail by reference to the 
following experimental examples. These examples are provided for purposes of 
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illustration only, and are not intended to be limiting unless otherwise specified. Thus, 
the invention should in no way be construed as being limited to the following 
examples, but rather, should be construed to encompass any and all variations which 
become evident as a result of the teaching provided herein. 
5 Frypgr'"^"ta^ Examples 

The experimental examples described herein provide procedures and 
results for the isolation and characterization of yeast YCFl and Arabidopsis AtMRPl 
and AtMRP2 genes, gene products and various functions ascribed thereto. Further 
' there is described data which establish that the Bz2 gene product exerts its effects on 
10 plant coloration via the GS-X pump. 

The data which are now described establish that YCFl is a vacuolar 
glutathione 5-conjugate pump. The data establish that YCFl is a membrane protein 
which is responsible for catalyzing MgATP-dependent, uncoupler-insensitive uptake 
of glutathione S-conjugates into the vacuole of wild type S. cerevisiae. 
j5 YCFl encodes a protein responsible for resistance of yeast to the effects 

of cadmium. However, the mechanism by which resistance to Cd^* is effected was not 
understood until the present invention. The data presented herein demonstrate that 
YCFl confers Cd^* resistance to yeast by effecting transport of Cd^* out of the cytosol 
via a YCFl encoded vacuolar glutathione 5-conjugate pump. Further, smce YCFl 
20 confers resistance to Cd'* through the transport of Cd.GS complexes or derivatives 

thereof, it is likely also capable of transporting other metal.GS-complexes. Examples 
of these other complexes include, but are not limited to, mercury (Hg), zinc (Zn), 
platmum (Ft) and arsenic (Ar). Both Hg^* and Zn^* form complexes with GSH which 
are analogous to those formed by Cd^* (Li et ai, 1954, J. Am. Chem. Soc. 76:225-229; 
25 Kapoor et al, 1965, Biochem. Biophys. Acta 100:376-383; Perrin et al, 1971, 
Biochem. Biophys. Acta 230:96-104). In addition, MRPl eliminates the Pt^"^ 
glutathionine complex 6/^(glutathionato)platinum from cancer cells (Ishikawa etal, 
1994, J. Biol. Chem. 269:29085-29093). Further, the MRPl gene is overexpressed in 
cisplatin-resistant human leukemia HL-60 cells, which overexpression is associated 
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with increased resistance to arsenite (Ishikawa et al, 1996, 1 Biol Chem, 271:14981- 
14988). Both Hg^* and Ar* are common environmental contaminants and Zn^* is an 
essential micronutrient. 

According to the results of the present study, vacuolar membrane 
vesicles from wild type S, cerevisiae catalyze high rates of MgATP-dependent, 
uncoupler-insensitive S'-conjugate transport, and the kinetics of the transporter 
involved are similar to those of the mammalian and plant vacuolar GS-X pumps. In 
addition, vacuole-deficient mutants of S. cerevisiae exhibit markedly increased 
sensitivity to cadmium, leading to the belief that one requirement for efficient 
elimination or detoxification of this metal is maintenance of a sizable vacuolar 
compartment. 

It is known that S. cerevisiae yAP-1 transcription factor 
transcriptionally activates both the YCFl gene and the GSHl gene (Wemmie et al, 
1994,7. Biol Chem, 269:32592-32597; Wuera/., 1994, Mo/. Cell Biol 14:5832- 
5839). Since GSHl encodes y-glutamylcysteine synthetase, an en2yme critical for 
GSH synthesis, expression of the YCFl gene and fabrication of one of the precursors 
for transport by the GS-X pump are coordinately regulated. 

In the first set of experiments described below, transport of the model 
compounds DNP-GS and bimane-GS by isolated membrane vesicles and intact cells 
was examined. 

Yeast Strains and Plasmids 

Two strains of S. cerevisiae were used in these studies: DTY165 
{hMTa ura3-52 his6 leu2'3,'112 hisS-MQO trpl-901 lys2'801 suc2-A) and the 
isogenic }^c/7 A mutant strain, DTY167 {MATa ura 3-52 his6 leu2-3,-112 his3-L200 
trp 1-901 lys2-801 suc2-A, ycflr.hisG). The strains were routinely grown in rich 
(YPD) medium, or, when transformed with plasmid containing functional YCFl gene, 
in synthetic complete medium (Sherman et al, 1983, Methods in Yeast Genetics, Cold 
Spring Harbor Laboratory, New York) or AHC medium (Kim et al, 1994, supra) 
lacking the appropriate amino acids. Escherichia coli strains XL 1 -blue (Stratagene) 
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and DHl IS were employed for the construction and maintenance of plasmid stocks 

(Ausubel et al, 1987, Current Protocols in Molecular Biology, Wiley, New York). 

Plasmid pYCFl-HA, encoding epitope-tagged YCFl, was constructed 

in several steps. A 1 .4-kb SaR-Hindm fragment, encompassing the carboxyl-terminal 

5 segment of the open reading frame of YCFl, from pIBIYCFl (Szczypka et aU 1994, 

supra), was subcloned into pBluescript KS". Single-stranded DNA was prepared and 

used as template to insert DNA sequence encoding the human influenza hemagglutinin 

12CA5 epitope immediately before the termination codon of the YCFl gene by 

oligonucleotide-directed mutagenesis. The sequence of the primer for this reaction. 

10 with the coding sequence for the 12CA5 epitope underlined, was 5'- 

aTTTr^^AaTT^^^A^rr^fT/^f^-TrTnGnArGTCOTATGOGTAATTTTCATTG 

ACC-3' (SEQ ID NO: 12). After confirming the boundaries and fidelity of the HA-tag 
coding region by DNA sequencing, the 1.4.kb SaR-HindlW DNA fragment was 
exchanged with the corresponding wild type segment of pJAWSO (Wemmie et al, 
15 1994, supra) to generate pYCFl -HA. 

T-^nlatinn of Varnnlar Mep ihrane Vesicles 

For the routine preparation of vacuolar membrane vesicles, 15 ml of 
stationary phase cultures of DTY165 or DTY167 were diluted into 1-Hter volumes of 
fresh YPD medium, grown for 24 hours at 30°C to an ODgoo nm of approximately 0.8 

20 and collected by centrifugation. After washing with distilled water, the cells were 
converted to spheroplasts with Zymolyase 20T (ICN) (Kim et al, 1994, supra) and 
intact vacuoles were isolated by flotation centrifiigation of spheroplast lysates on 
Ficoll 400 step gradients as described by Roberts et al (1991, Methods. Enzymol 
194:644-661). Both the spheroplast lysis buffer and Ficoll gradients contained 2 

25 mg/ml bovine serum albumin, 1 ng/ml aprotinin, 1 jig/ml leupeptin, 1 jig/ml pepstatin, 
and 1 mM PMSF to minimize proteolysis. The resulting vacuole fraction was 
vesiculated in 5 mM MgClj, 25 mM KCl, 10 mM Tris-Mes (pH 6.9) containing 2 
mg/ml bovine serum albumin, 1 ^g/ml aprotinin, 1 ^g/ml leupeptin, 1 ^g/ml pepstatin, 
and 1 mM PMSF, pelleted by centriftigation at 37,000 x g for 25 min, and resuspended 
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in suspension medium (1.1 M glycerol, 2 mM dithiothreitol. 1 mM Tris-EGTA, 2 
mg/ml bovine serum albumin, 1 ng/ml aprotinin, 1 pg/ml leupeptin, 1 jig/ml pepstatin, 
1 mM PMSF, 5 mM Tris-Mes, pH 7.6) (Kim et al, 1995. J. Biol. Chem. 270:2630- 
2635). 

5 In experiments involving cadmium transport, dithiothreitol and EGTA 

were removed from the suspension medium to prevent the attenuation of YCFl- 
dependent Cd^"" transport otherwise exerted by these compounds. Vesiculated 
vacuolar membranes were subjected to three cycles of 50-fold dilution into simplified 
suspension medium (1.1 M glycerol, 5 mM Tris-Mes, pH 8;d), centrifugation at 

10 100,000 X g for 35 minutes and resuspension in the same medium before use. 

For the experiment shown in Figure 4, 1 ml of partially purified 
vacuolar membrane vesicles (1 . 1 -1 .2 mg of protein), prepared by Ficoll flotation, were 
subjected to further fractionation by centrifugation through a 30-ml linear 10-40% 
(w/v) sucrose density gradient at 100.000 x g for 2 hours. Successive firactions were 

15 collected from the top of the centrifuge tube and, after determining sucrose 

concentration refractometrically. the fractions were diluted with suspension medium. 
The diluted fractions were sedimented at 100,000 x g and resuspended in lOO-^il 
aliquots of suspension medium for assay. For the immunoblots shown in Figure 5 and 
the marker enzyme analyses shown in Table 4, crude microsomei! were prepared by 

20 homogenization of spheroplasts in suspension medium and the sedimentation of total 
membranes at 1 00,000 x g for 3 5 minutes. 

Microsomes and purified vacuolar membranes that were to be 
employed for SDS-polyacrylamide gel electrophoresis and immunoblotting were 
washed free of bovine serum albumin by three rounds of suspension in suspension 

25 medium minus bovine serum albumin and centrifugation at 100,000 x g for 35 

minutes. The final membrane preparations were either used immediately or frozen in 
liquid nitrogen and stored at -85 "C. 

Mpa^iirement o f Marker Enzvme Activities 
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a-Mannosidase was determined according to Opheim (1978, Biochem. 
Biophys. Acta 524:121-125) using p-nitrophenyl-a-D-mannopyranoside as substrate. 
NADPH-cytochrome c reductase was estimated as FMN-promoted reduction of 
NADPH (Kubota et al, 1977. J. Biol. Chem. 81:197-201). GDPase was measured as 
the rate ofliberationofPi from GDP (Yanagisawae/o/.. 1990, J. Biol. Chem. 
265:19351-19355) in reaction buffer containing 0.05% (w/v) Triton X-100. 
V-ATPase, F-ATPase, and P-ATPase were assayed as bafilomycin Aj (1 nM), azide 
(1 mM), and vanadate (100 jiM) inhibited ATPase activity, respectively, at pH 8.0 
(V-ATPase, F-ATPase) or pH 6.5 (P-ATPase) (Rea and turner, 1990, Methods Plant 

Biochem. 3:385-405). 

]V^«.a^iiremen t nf nisFP-GS I Iptake 

Unless otherwise indicated, [^H]DNP-GS uptake was measured at 25»C 
in 200 Hi reaction volumes containing 3 mM ATP, 3 mM MgS04, 5 \xU gramicidin- 
D. 10 mM creatine phosphate, 16 units/ml creatine kinase, 50 mM KCl, 1 mg/ml 
b<ivine serum albumin, 400 mM sorbitol. 25 mM Tris-Mes (pH S^.O). and 66.2 jiM 
[3h]DNP-GS (8.7 mCi/mmol) (Li et al, 1995, supra). Gramicidin D was included in 
the uptake medium to abolish the electrochemical potential difference (Amh+) that 
would otherwise be established by the V-ATPase in medium containing MgATP. 
Uptake was initiated by the addition of vacuolar membrane vesicles (10-15 ng of 
membrane protein), brief mixing of the samples on a vortex mixer and uptake was then 
allowed to proceed for 1-60 minutes. Uptake was terminated by the addition of 1 ml 
of ice-cold wash medium (400 mM sorbitol, 3 mM Tris-Mes, pH 8.0) and vacuum 
filtration of the suspension through prewetted MiUipore HA cellulose nitrate 
membrane filters (pore diameter, 0.45 ^m). The filters were rinsed twice with 1 ml of 
ice-cold wash medium and air-dried, and radioactivity was determined by liquid 
scintillation counting in BCS mixture (Amersham Corp.). Nonenergized pH]DNP-GS 
uptake and extravesicular solution trapped on the filters were enumerated by the same 
procedure except that ATP and Mg^* were omitted from the uptake medium. 
?'i"»T?l??ffn?^ MicroscQOV 
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Cells were grown in YPD medium for 24 hours at 30 "C to an ODsoonm 
of approximately 1.4, and 100 nl aliquots of the suspensions were transferred to 15 ml 
volumes of fresh YPD medium containing 100 \iM 5yrt-(ClCH2,CH3)-l,5- 
diazabicyclo-[3.3.0]-octa-3,6-dione-2,8-dione (monochlorobimane) (Kosower et ai, 
5 1980, J. Am. Chem. Soc. 102:4983-4993). After incubation for 6 hours, the cells were 
pelleted by centrifiigation, washed twice with YPD medium lacking 
monochlorobimane, and viewed without fixation under an Olympus BH-2 
fluorescence microscope equipped with a BP-490 UV excitation filter, AFC-0515 
barrier filter, and Nomarski optics attachment. 
10 F.1ectrophore ';i?i and Immunoblotting 

Membrane samples were subjected to one-dimensional SDS- 
polyacrylamide gel electrophoresis on 7-12% (w/v) concave exponential gradient gels 
after delipidation with acetone.ethanol (Parry et ai, 1989, J. Biol Chem. 264:20025- 
20032). The separated polypeptides were electrotransferred to 0.45 \im nitrocellulose 
15 filters at 60 V for 4 hours at 4»C in a Mini Trans-Blot transfer cell (Bio-Rad) and 

reversibly stained with Ponceau-S (Rea et al, 1992, Plant Physiol. 100:723-732). The 
filters were blocked and incubated overnight with mouse anti-HA monoclonal 
antibody (20 |ig/ml) (Boehringer-Mannheim). Immunoreactive bands were visualized 
by reaction with horseradish peroxidase-conjugated goat anti-mouse IgG (1/1000 
20 dilution) (Boehringer-Mannheim) and incubation in buffer containing H2O2 (0.03% 
w/v), diaminobenzidine (0.6 mg/ml) and NiClj (0.03% w/v) (Rea et al, 1992, supra). 
Purification of Cadmium-n iiif athione Complexes 
Singly radiolabeled *°'Cd.GS„ and doubly radio-labeled 
*°^Cd[^H].GS„ complexes were prepared by sequential gel-filtration and anion- 
25 exchange chromatography of the reaction products generated by incubating 20 mM 
'°^CdS04 (78.4 mCi/mmol) with 40 mM GSH or 40 mM [^H]GSH (240 mCi/mmol) 
in 1 5 ml 1 0 mM phosphate buffer (pH 8.0) containing 1 50 mM KNO3 at 45*'C for 24 
hours. For gel-filtration, 2 ml aliquots of the reaction mixture were applied to a 
column (40 x 1.5 cm ID) packed with water-equilibrated Sephadex G-15, eluted with 
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deionized water and '°'Cd and/or in the fractions was measured by liquid 
scintillation counting. The fractions encompassed by each of the two '°'cd.GS„ peaks 
identified were pooled, lyophilized and redissolved in 4 ml of loading buffer (5 mM 
Tris-Mes, pH 8.0). For anion-exchange chromatography, 0.5 ml aliquots of the 
resuspended lyophilizates from gel-filtration chromatography were applied to a Mono- 
Q HR5/5 column (Pharmacia) equilibrated with the same buffer. Elation was with a 
linear gradient of NaCl (0.5 ml/minute; 0-500 mM) dissolved in loading buffer. The 
individual fractions corresponding to the major peaks of '"'Cd obtained from the 
Mono-Q column (one each for the peaks resolved by gel-filtfation chromatography) 
were pooled, lyophilized and resuspended in 4 ml deionized water after liquid 
scintillation counting. Buffer salts were removed before transport measurements or 
mass spectrometry by passing the samples down a column (120 x 1.0 cm ID) packed 
with water-equilibrated Sephadex G-15. 

M«.a.!»rement » f '°^rd^^Untake 

MgATP-energized, uncoupler-insensitive '"^Cd^"^ uptake by vacuolar 
membrane vesicles was measured at 25'*C in 200 ^l reaction volumes containing 3 
mM ATP, 3 mM MgS04, 5 ^M gramicidin-D, 10 mM creatine phosphate, 16 units/ml 
creatine kinase, 50 mM KCl, 400 mM sorbitol, 25 mM Tris-Mes (pH 8.0) and the 
indicated concentrations of ^°^CdS04, GSH or '^^Cd- and/or ^H-labeled purified 
Cd.GSn complexes as described herein except that the wash media contained 100 ^M 
CdS04 in addition to sorbitol (400 mM) and Tris-Mes (3 mM, pH 8.0). 

prPtrPatment of P TVI fi*? C.eXh with Cd^"" or 1 -CblorQ-2.4- 

di nitrobenzene 

For studies on the inducibility of YCFl expression and YCFl- 
dependent transport, DTY165 cells were grown in YPD medium (Sherman et ai, 
1983, supra) for 24 hours at 30»C to an ODgoonm of 1.0-1.2, pelleted by 
centrifugation and resuspended in fresh YPD medium containing CdS04 (200 nM) or 
l-chloro-2,4-dinitrobenzene (CDNB). After washing in distilled water, total RNA was 
extracted and vacuolar membrane vesicles were prepared from the pretreated cells. 
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Control RNA and membrane samples were prepared from DTY165 cells treated in an 

identical manner except that CdS04 and CDNB were omitted from the second 

incubation cycle. 

p^^QP Pmtftrtion Assavs 

5 Cd^"^ and CDNB-elicited increases in YCFl mRNA levels were assayed 

by RNase protection using 1 8S rRNA as an internal control. yCF7 -specific probe was 
generated by PGR amplification of the full-length YCFlr.HA gene, encoding human 
influenza hemagglutinin 12CA5 (HA) epitope-tagged YCFl, using plasmid pYCFl- 
HA as template. The forward yCF7-specific pnmer and backward primer containing 

10 the HA-tag coding sequence had the sequences 5'- 

AAACTGCAGATGGCTGGTAATCTTGTTTC-3' (SEQ ID NO: 13) and 5'- 
GCCTCTAGATCAAGCGTAGTCTGGGACGTCGTATGGGTAATTTTCATTGA-3' 

(SEQ ID NO: 14), respectively. An 18S rRNA-specific probe was synthesized by PGR 
of S. cerevisiae genomic ON A using sense and antisense primers having the sequences 

15 5'-AGATTAAGGGATGGATGTGT-3' (SEQ ID NO: 1 5) and 5'- 

TGGTGGTAGGAGAGTTGCGGTGC-3' (SEQ ID N0:16), respectively. Both PGR 
products were individually subcloned into pCR™II vector (Invitrogen) to generate 
plasmids pCR- KCFi and pGR-Yl 8S. After linearization of pCR-KCF; and pCR- 
Yl 88 with Ajn. and Ncol, a 320-nucleotide yCF7-specific RNA probe and 220- 

20 nucleotide 1 8S rRNA-specific probe were synthesized using T7 RNA polymerase and 
SP6 RNA polymerase, respectively. Aliquots of total RNA, prepared as described 
(Kohrer et al, 1991, Methods in Enzymol. 194:390-398)), from control, CdS04- or 
GDNB-pretreated DT Y 1 65 cells were hybridized with a mixture of P-labeled YCFl 
antisense probe (1 x 10* cpm) and 18S rRNA antisense probe (5 x 10 cpm) and 

25 RNase protection (Teeter et al , 1 990, Moi Cell. Biol. 10:5728-5735) was assayed 
using an RPAII kit (Ambion). 

Matrix- Assisted Laser Desorption Mass Spectrometry (MALD-MS) 
The '°'cd.GSn complexes purified by gel-filtration and anion- 
exchange chromatography were adjusted to a final concentration of 2-5 mM (as Cd) 
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with deionized water, mixed with an equal volume of sinapinic acid (10 mg/ml) 
dissolved in acetonitrilemzO/trifluoroacetic acid (70:30:0.1 % (v/v)) and applied to the 
ion source of a PerSeptive Biosystems Voyager RP Biospectrometry Workstation. 
The instrument, which was equipped with a 1 .3 m flight tube and variable two-stage 
5 ion source set at 30 kV, was operated in linear mode. Mass/charge (m/z) ratio vm 
measured by time-of-flight after calibration with external standards. 
Prntp^n F-stimattons 

Protein was estimated by a modification of the method of Peterson 
(1977, ylwfl/. B/oc/iew. 83:346-356). 

10 rhemicals 

S-(2,4-dinitrophenyl)glutathione (DNP-GS) was synthesized from 1- 
chloro-2,4-dinitrobenzene (CDNB) and GSH by the procedure of Kunst et al. (1983, 
Biochem. Biophys. Acta 983:123-125) and (Li et al, 1995, supra). [^H]DNP-GS 
(specific activity, 8.7 mCi/mmol) and bimane-GS were synthesized enzymatically and 

15 purified by a modification of the procedure of Kunst et al. (1983, supra) according to 
Li et al. (1995, supra). Metolachlor-GS was synthesized by general base catalysis and 
purified by reverse-phase high performance liquid chromatography (Li et al, 1995, 
supra). 

GSH and CDNB were purchased from Fluka; AMP-PNP, aprotinin, 
20 ATP, creatine kinase (type I from rabbit muscle, 1 50-250 units/mg of protein), creatine 
phosphate, FCCP, oxidized glutathione (GSSG), S-methylglutathione, 
cysteinylglycine, cysteine, glutamate and gramicidin D, leupeptin, PMSF, verapamil, 
and vinblastine were from Sigma; monochlorobimane was from Molecular Probes; 
cellulose nitrate membranes (0.45-nm pore size. HA filters) were from Millipore; 
25 [3H]glutathione[(glycine-2-'H]-L-Glu-Cys-Gly; 44 Ci/mmol) was firom DuPont MEN; 
and '°'cdS04 (78.44 Ci/mmol) was from Amersham Corp. Metolachlor was a gift 
from CIBA-Geigy, Greensboro, NC. All other reagents were of analytical grade and 
purchased from Fisher, Fluka, or Sigma. 

<;^n;,jtjvitvtnCDNB 
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If the YCFl gene product were to participate in the detoxification of 5- 
conjugable xenobiotics, mutants deleted for this gene would be expected to be more 
sensitive to the toxic effects of these compounds than wild type cells. This is what 

was found (Figure 1). 

The isogenic wild type strain DTY165 and W^QycflL mutant strain, 
DTY167, were indistinguishable during growth in YPD medium lacking CDNB; both 
strains grew at the same rate after a brief lag. However, the addition of CDNB to the 
culture medium caused a greater retardation of the growth of DTY167 cells (Figure 
IB) than DTY165 cells (Figure lA). Inhibitory concentrations' of CDNB resulted in a 
slower, more linear, growth rate for at least 24 hours for both strains, but DTY167 
underwent growth retardation at lower concentrations than did DTY165. The optical 
densities of the DTY167 cultures were diminished by 65, 82, 85, and 91% by 40, 50, 
60, and 70 nM CDNB, respectively, after 24 hours of incubation (Figure IB), whereas 
the corresponding diminutions for the DTY165 cultures were 14, 31, 59, and 92% 
(Figure 1 A). The increase in sensitivity to CDNB conferred by deletion of the YCFl 
gene was similar to that seen with cadmium. 

l l^pairpH Vaniinlar DN P-GS Transport 

Vacuolar membrane vesicles purified from DTY165 cells exhibited 
high rates of MgATP-dependent [^H]DNP-GS uptake (Figure 2). Providing that 
creatine phosphate and creatine kinase were included in the uptake media to ensure 
ATP regeneration, addition of 3 mM MgATP increased the initial rate of DNP-GS 
uptake by 122-fold to a value of 12.2 nmoymg/minute. The same membrane fraction 
from DTY167 cells, although capable of similar rates of MgATP-independent DNP- 
GS uptake, was only 17-fold stimulated by MgATP and capable of an initial rate of 
uptake of only 1.7 nmol/mg/minute (Figure 2). 

Sfflfic.tive Impairment of Tlncoupler-Insensitive TranSPOrt 
Direct comparisons between vacuolar membrane vesicles from 
DTY165 and DTY167 cells demonstrated that deletion of the YCFl gene selectively 
abolished MgATP-energized, A|iH+-independent DNP-GS transport. 
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Agents that dissipate both the pH (ApH) and electrical (Ai|») 
components of the Ahh+ established by the V-ATPase (FCCP, gramicidin D) or 
directly inhibit the V-ATPase. itself (bafilomycin A,), decreased MgATP-dependent 
DNP-GS uptake by vacuolar membrane vesicles from DTY165 cells from 77.7 ± 1.0 

5 nmol/mg/10 minutes to between 43.2 ± 1 .0 and 47.4 ± 1 .7 nmol/mg/10 minutes (Table 
1). Ammonium chloride, which abolishes ApH while leaving At|i unaffected, on the 
other hand, did not inhibit DNP-GS uptake (Table 1). On the basis of these 
characteristics, the inability of uncouplers to markedly increase the inhibitions caused 
by V-ATPase inhibitorsValone, and the resistance of 50-60% of total uptake to 

10 inhibition by any one of these compounds (Table 1), DNP-GS uptake by vacuolar 

membranes from wild type cells is concluded to proceed via two parallel mechanisms: 
a V-ATPase inhibitor- and uncoupler-insensitive pathway that is directly energized by 
MgATP, and a A^H+'dependent, V-ATPase inhibitor-sensitive and uncoupler- 
sensitive pathway that is primarily driven by the inside-positive Ai|; estabUshed by the 

15 V-ATPase. 

Of these two pathways, the Aijr-dependent pathway predominated in 
membranes from DTY167 cells (Table 1). FCCP, gramicidin D, and bafilomycin Aj 
diminished net DNP-GS uptake by DTY167 vacuolar membranes from 15.4 ± 0.4 
nmol/mg/10 minutes to between 4.3 ± 0.3 and 6.4 ± 0.3 nmo^mg/lO minutes. 

20 Moreover, although the effects of FCCP or gramicidin D and V-ATPase inhibitors in 
combination were slightly greater than those seen when these agents were added 
individually, the transport remaining was only about 10% of that seen with wild type 
membranes and only 2-4-fold stimulated by MgATP. In conjunction with the 
negligible inhibitions seen withNH4Cl, alone, indicatmg that Ai|;, not ApH, is the 

25 principal driving force for the transport activity remaining in their vacuolar 

membranes, DTY167 cells are inferred to be preferentially impaired in MgATP- 

energized, A^H+'i'^'^^P^'^*^®'^* DNP-GS transport. 

The nonhydrolyzable ATP analog, AMP-PNP, did not promote DNP- 
GS uptake by vacuolar membrane vesicles from either DTY165 or DTY167 cells 
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(Table 1), indicating a requirement for hydrolysis of the y-phosphate of ATP 
regardless of whether uptake was via the YCFl- or Ai|;-dependent pathway. 



Table 1. Effects of MgATP, , M^AMP-PNP protonophores. ionophores and V-ATPase inhlb^Qf^ gn 
f-^HlDNP-GS uptake bv v?^riinlar memb rane vesicles purified from DTY165 and DTY167 cells. 
Uptake was measured for 10 minutes in standard uptake medium described herein containing 66.2 jiM 
[^HIDNP-GS plus the compounds indicated. MgATP (3 mM) was present throughout unless otherwise 
indicated. MgAMP-PNP, bafiiomycin A|. FCCP. gramicidin D, and NH4CI were added at 
concentrations of 3 mM,-0.5 jiM. 5 pM, 5 and I mM, respectively. .Values outside parentheses are 



± SE (w 3-6); values inside parentheses are rates of uptake expressed as percentage of control. 



ADDITIONS 


DNP-GS UPTAKE 


DT/165 DTY167 


(nmol/mg/IO minutes) 


Control 


77.7*1.0(100) 


15.4 ±0.4 (100) 


-MgATP 


2.2 ±0.4 (2.8) 


1.5 ±0.6 (9.7) 


MgAMP-PNP(-MgATP) 


2.5 ±0.5 (3.2) 


1.4 ±0.3 (9.1) 


FCCP 


47.4 ± 1.7 (61.0) 


6.4 ±0.3 (41.8) 


Gramicidin D 


45.8 ± 1.4 (58.9) 


5.8 ±0.1 (37.7) 


NH4CI 


69.1 ±2.9 (88.9) 


14.9 ±0.7 (96.8) 


NH4CI + gramicidin D 


42.6 ±1.8 (54.8) 


4.1 ±0.2 (26.6) 


Bafiiomycin Aj 


43.2 ±1.0 (55.6) 


4.3 ± 0.3 (27.9) 


Bafiiomycin Ai + gramicidin D 


39.2 ± 2.6 (50.5) 


3.8 ±0.1 (24.7) 



Aholition of High Affinit y I Jncoupler-insensitive Uptake 
Examination of the concentration dependence of [^H]DNP-GS uptake 
revealed a near total abolition of high affinity, MgATP-dependent, uncoupler- 
insensitive transport by vacuolar membrane vesicles from the >'c/7 A mutant strain 
(Figure 3). When measured in the presence of uncoupler (gramicidin D), the rate of 
DNP-GS uptake by vacuolar membrane vesicles purified from DTY165 cells increased 
as a simple hyperbolic fiinction of MgATP (Figure 3 A) and DNP-GS concentration 
(Figure 3B) to yield values OF 86.5 ± 29.5 nM (MgATP) and 14.1 ± 7.4 
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(DNP-GS) and a of 51.0 ± 6.3 nmol/mg/lO minutes (DNP-GS). By contrast, 
uncoupler-insensitive uptake by the corresponding membrane fraction from DTY167 
cells was more than 15-fold slower over the entire concentration range, showed no 
evidence of saturation and increased as a linear function of both DNP-GS and MgATP 

concentration (Figure 3). 

Selective Inhi^'^nrs of YC PI-r^^'Hiated Transport 

MgATP-dependent, uncoupler-insensitive DNP-GS uptake by vacuolar 
membrane vesicles purified from DTY165 cells was sensitive to inhibition by 
vanadate, vinblastine, verapardU GSSG and glutathione 5-conjugates other than DNP- 
GS (Tables 2 and 3). One hundred \iM concentrations of metolachlor-GS, 
azidophenacyl-GS and bimane-GS and 1 mM GSSG inhibited uptake by about 50% 
(Table 2), while vanadate, vinblastine, and verapamil exerted 50% inhibitions at 
concentrations of 179, 89 and 203 ^M. respectively (Table 3). None of these agents 
significantly inhibited residual MgATP-dependent, uncoupler-insensitive DNP-GS 
uptake by vacuolar membrane vesicles from DTY167 cells (Tables 2 and 3). 
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TARLE2. Eff^r^^Affif^H.nssn and glutathione 5<oniupates othgr thap DNP-OS 9n MrATP- 


^pp^nHpnt, „ncoMp|^r>in<Pn.itive f^HF^P-^'^ ""^ake bv vacuoiar membrane vesicles purified from 


PTY165 and njY167 cells. Uptake was measured as described for Table 1 except that 5 ^M 
gramicidin D was included in all of the uptake media. Values outside parentheses are means ± SE (n 
i.A>. .oinpc 5ndde parenthcscs are rates of uptake expressed as percentage of control. 


COMPOUND 


DNP-GS UPTAKE 


DTY165 DTY167 


{nmol/mg/10 minutes) 


Control • • 


47.9 ±2.5 (100) 


6.5 ±0.8 (100) 


GSH(lmM) 


50.6 ±2.3 (105.6) 


4.6± 1.1(70.8) 


GSSG(lmM) 


26.0 ±0.9 (54.3) 


4.4 ±0.4 (67.7) 


Metolachlor-GS(lOOjiM) 


27.6 ±0.9 (57.7) 


4.8 ±0.7 (73.8) 


Azidophenacyl-GS (100 uM) 


16.0 ± 1.4 (33.5) 


5.2 ±0.3 (80.0) 


1 Bimane-GS(lOOnM) 


25.2 ± 1.1 (52.6) 


4.5 ± 0.4 (69.2) 



TARl E 3 Sf^TKiitivitv of MaATP-deoendent uncouoler-insensitive f^H1DNP-GS uptake by 


v.r„nl.r membran^ ^^ciM.c nnrified from DTYl 65 and DTYl 67 rHIs to inhibition by vanadate. 


«;nhl^^tinp «nd veraoamil. Uptake was measured as described in Table 1 except that 5 ^iM 
gramicidin D was included in all of the uptake media. The concentrations of the compounds causmg 
50% inhibition of uptake (/50 values) were estimated by nonlinear least squares analysis after fitting 


thP Hatfl rn a sinele neeative exponential (Marquardt, 1963, supra). 






Ao 


Addition 


DTYl 65 


DTYl 67 






Vanadate 


179.1 


Insensitive 


Vinblastine 


88.8 


>500 


Verapamil 


202.6 


Insensitive 



Vacuolar H TFlh"'a"g Localization 

The capacity for MgATP-dependent, uncoupler-insensitive [^H]DNP- 
GS uptake strictly copurified with the vacuolar membrane fraction (Table 4). By 
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comparison with crude microsomes (total membranes) prepared from whole 
spheroplast homogenates of DTY165 cells, vacuolar membrane vesicles derived from 
vacuoles purified by the FicoU flotation technique were coordinately enriched for DNP- 
GS uptake and for both of the vacuolar membrane markers assayed, o-mannosidase and 
5 bafilomycin A^sensitive ATPase (V-ATPase) activity. The respective enrichments of 

MgATP-dependent, uncoupler-insensitive DNP-GS uptake, a-mannosidase and 
bafilomycin Ai-sensitive ATPase activity were 28-, 53- and 22-fold. By contrast, the 
vacuolar membrane fraction was 4.5-. 6.3-, 11.1- and 4.3-fold depleted of NADPH 
cytochrome c reductase (endoplasmic reticulum), latent GDPase (Golgi), vanadate- 

10 sensitive ATPase (plasma membrane), and azide-sensitive ATPase activity 

(mitochondrial inner membrane), respectively. Accordingly, when vacuolar membrane 
vesicles derived from FicoU-flotated vacuoles were subjected to further fractionation on 
linear 10-40% (w/v) sucrose density gradients, MgATP-dependent, uncoupler- 
insensitive [^H]DNP-GS uptake, a-mannosidase and bafilomycin Ai-sensitive ATPase 

15 activity were found to comigrate and exhibit identical density profiles (Figure 4). 
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jARf TTd rnmnarUon of rates of Mg A TMf pendent, uncoupler-insensitive [ HIONP-QS ftanifPQrt . 


^ind specific activifiP. nf marker enzvmf s in rnidc microsomes and vRCUolar mep^hrane vesjcles 


prepared from DTY165 cells. Microsomes and vacuolar membrane vesicles were prepared from 
spheroplasts and the marker enzymes were assayed as described herein. Values shown are means i 
SEfrt = 3). . ^ — 




ACTIVITY 


PREPARATION 


DNP-GS UPTAKE 


a-mannosidase 


NADPH-cyt c reductase 




nmoUmg/iO min 


nmol/mg/min 


nmol/mg/min 


Microsomes 


2.5 ± 0.3 


6.3 ±0.3 


88.0 ± 1.3 


Vacuolar 
membrane 


69.9 ±1.0 


329.3 ± 3.2 


19.3 ± 0.6 


Enrichment (- 
fold) 


27.96 


52.27 


0.22 


PREPARATION 


ACTIVITY 


V-ATPase GDPase 


P-ATPase F-ATPase 


fimoUmg/h 




il/mg/h 


Microsomes 


U.7±6.3 


35.0 ±1.1 


37.1 ±4.6 


155.6 ±3.0 


Vacuolar 
membrane 


253.1 ±15.8 


5.5 ±0.1 


3.2 ±1.6 


35,1 ±8.4 


Enrichment (- 
fold) 


21.63 


0.16 


0.09 


0.3 1 



PI;^.;miri-encoder^ vrFI Mediat ^^ Vnr.nnlar DNP-GS Transport and 

(-r>NR Resistance 

Immunoblots of vacuolar membranes from pYCFl-HA-transformed 
DTY165 or DTY167 cells, probed with mouse anti-HA monoclonal antibody, 
demonstrated incorporation of YCFl-HA polypeptide into the vacuolar membrane 
fraction (Figure 5B). Immunoreaction with the 12CA5 epitope was not detectable in 
lanes loaded with membranes from pRS424.transformed cells but the same quantities 
of membranes prepared from pYCFl-HA-transformed cells yielded a single intensely 
iramunoreactive band with an electrophoretic mobility = 156,200) commensurate 
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with a computed mass of 172 kDa for the fusion protein encoded by YCFl-HA (Figure 
5B). 

Direct participation of the plasmid-bome YCFl-HA gene product in 
DNP-GS transport and CDNB detoxification was verified by the finding that vacuolar 
membrane vesicles purified from pYCFl-HA-transformed DTY167 cells exhibited a 6- 
fold enhancement of MgATP-dependent, uncoupler-insensitive [^H]DNP-GS uptake 
(Figure 5A) which was accompanied by a decrease in the susceptibility of such 
transformants to growth retardation by exogenous CDNB (Figure 6). Whereas pYCFl- 
HA-transformed DTY167 cells exhibited a similar resistance to growth retardation by 
CDNB as untransformed DTY165 cells (compare Figure 6B with Figure lA), the same 
mutant strain showed neither increased vacuolar DNP-GS transport in vitro nor 
decreased susceptibility to CDNB in vivo after transformation with parental plasmid 
pRS424, lacking the YCFl-HA insert (Figure 6B). 

yjf>ryn\!^ X ^r.cAimu\a.t inn of Bimanft-GS fn Vivo 
Monochlorobimane, a membrane-permeant, nonfiuorescent compound, 
is specifically conjugated with GSH by cytosolic glutathione S-transferases (GSTs) to 
generate the intensely fluorescent, membrane-impermeant 5-conjugate, bimane-GS 
(Shrieve et al, 1988, J. Biol. Chem. 263:14107-121 14; Oude Elferink et al, 1993, 
Hepatology 17:343-444; Ishikawa et al., 1994, J. Biol Chem. 269:29085-29093). The 
GS-A- pumps of both animal and plant cells exhibit activity toward a broad range ofS- 
conjugates. including bimane-GS Gshikawa et al, 1994, supra; Martinoia et al, 1993, 
supra), and DNP-GS uptake by the yeast enzyme is shown herein to be reversibly 
inhibited by this compound (Table 2). These data suggest competition between 
bimane-GS and DNP-GS for a common uptake mechanism. Exogenous 
monochlorobimane therefore satisfies the minimum requirements of a sensitive probe 
for monitoring the intracellular transport and localization of its 5-conjugate. 

Fluorescence microscopy of DTY165 and DTY167 cells after 
incubation in growth medium containing monochlorobimane provides direct evidence 
that YCFl contributes to tiie vacuolar accumulation of its glutathione S-conjugate by 
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intact cells (Figure 7). DTY165 cells exhibited an intense punctate fluorescence, 
corresponding to the vacuole as determined by Nomarski microscopy, after 6 hours of 
incubation with monochlorobimane (Figures 7A and 7C). The fluorescence associated 
with vacuolar bimane-GS was by comparison severely attenuated in most, and 
completely absent from many, DTY167 cells (Figures 7B and 7D). 

vc/7 A Mutants are Defective in GSH -Dependent Cd^'^ Transport 
Physiological (1 mM) concentrations of GSH (Kang, 1992, Drug 
Metabolism and Disposition 20:714-718) promoted Cd^"*" uptake by vacuolar 
membrane vesicles purified from the wild type strain DtYl 65 but not the ycfl A mutant 
strain DTY167 (Figure 8). Addition of Cd^"^ (80 ^M) to GSH-containing media 
elicited MgATP-dependent, uncoupler-insensitive ^^^Cd""*" uptake rates of 4.5 and 0.8 
nmol/mg/minute by DTY165 and DTY167 membranes, respectively (Figures 8A and 
8B). Uptake by DTY165 membranes was diminished more than 9-fold by the omission 
of GSH (Figure 8 A) whereas uptake by DTY167 membranes was slightly stimulated 
(Figure 8B). 

GSH maximally stimulated uptake within minutes {Xxa < 5 minutes) of 
the addition of Cd^"^ to the uptake medium and uptake was sigmoidally dependent on 
Cd^"^ concentration, achieving half-maximal velocity at 120 |iM (Figure 8C). 

S pecific Requirement for GSH 

The stimulatory action of GSH was abolished by the omission of 
MgATP from the assay medium (Figure 8 and Table 5) and 1 mM concentrations of 
GSSG, 5-methylglutathione, cysteinylglycine, cysteine or glutamate did not promote 
MgATP-dependent, uncoupler-insensitive Cd^"*" uptake by vacuolar membrane vesicles 
from either strain (Table 5). 
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Eff^rK r^f different GSH-relMPd compounds on uncoupler-insensit|ve Cd uptake by 


^up,. ..c;m.c nnrifled from DTY 165 or OTY 1 67 cclis. GSH, oxidized glutathione 

(GSSG), 5.methyIglutathione (GS.CH3X cysteinylglycine, cysteine and glutamate were added at 
concentrations of 1 mM. MgATP, *^^CdS04 and gramicidin-D were added at concentrations of 3 
OA .^A < MM rAcnprtivelv. Valucs shown are means ± SE = 3-6). 1 


COMPOUND 


^^^Cd UPTAKE inmoi/mg/]0 minutes) 


DTY165 


DTY 167 


-MgATP 


+MgATP 


-MgATP 


+MgATP 


Cdf - - 

Cd^"^ + GSH 
Cd^^ + GSSG 
Cd^"" + GS-CH3 
Cd^*^ + Cys-Gly 
Cd^"' + Cys 
Cd^^ + Glu 


- --5.8 ±2.4 
4.2 ±1.2 


5.6±.L5 _ 

37.4 ±4.5 
5.1 ±3.2 

4.5 ± 1.9 

5.6 ±3.2 
7.0 ± 1.2 

5.7 ±1.1 


4.3 ±1.3 
"3.3±i.l 


4.6 ±2.1 
8.3 ±2.7 

3.8 ±2.3 

3.7 ±3.1 
. 6.9 ±1.4 

3.9 ± 1.0 
5.2 ± 1.3 



p^infj^j^tj nn of Transport- Active Comple x 

To determine the mode of action of GSH and the form in which Cd^"*" is 
transported, reaction mixtures initially containing Cd^^ and GSH were fractionated and 
yCF7 -dependent uptake was assayed. 

Incubation of '°^Cd^'*' witii GSH and gel-filtration of the mixtiire on 
Sephadex G-1 5 yielded two major '°^Cd-labeled peaks: a low molecular weight peak 
(LMW-CdGS) and a high molecular weight peak (HMW-Cd.GS) (Figure 9A). When 
rechromatographed on Mono-Q, LMW-CdGS and HMW-CdGS eluted at 0 (Figure 9C) 
and 275 mM NaCl, respectively (Figure 9B). Of these two '<^Cd-labeled components, 
i/Mir-Crf.G5 alone, underwent yCFi-dependent transport. MgATP-dependent, 
uncoupler-insensitive HMW-'°^C^.GS uptake by DTY165 membranes increased as a 
single Michaelian function of concentration {K^, 39.1 ± 14.1 \iU; V^^, 157.2 ± 60.7 
nmol/mg/10 minutes) (Figure lOA). By contrast, uptake of IW-^'^Cd.GS by 
DTY165 membranes was negligible at all of tiie concentrations examined (Figure 
lOB). Vacuolar membranes from DTY167 cells transported neither //W-^°''cd.GS 
nor LMW-'°^ CA.GS (Figures lOA and lOB). 
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fii.yrglutatb i'^' ^'O'^^^aclm iiim Is the Transnort-Active Complex 
The transport-active complex, HMW-CdGS, was identified as 
6w(glutathionato)cadmium (Cd.GSj) by three criteria: (i) The average Cd:GS molar 
ratio of the transported species, estimated from the •'''cd:^H ratios of the HMW-CdGS 
peaks obtained after chromatography of reaction mixtures initially containing '^^Cd^"" 
and [^H]GSH on Sephadex G-15 and Mono-Q were 0.44 ± 0.09 and 0.49 ± 0.17, 
respectively (Table 6). (ii) DTY165 membranes accumulated '°'Cd and [^H]GS in a 
molar ratio of 0.49 ±0.01 when incubated in media containing HMlV-"^^Cd.^H\GS, 
MgATP and gramicidin-D (Table 6). (iii) The principal ion peak detected after 
MALD-MS of HMW-CdGS had an m/z ratio of 725.4 ± 0.7, consistent with the 
molecular weight of A/s(glutathionato)cadmium (724.6 Da, Figure 1 1). The transport- 
inactive complex, LMW-CdGS. on the other hand, was tentatively identified as 
mono(glutathionato)cadmium on the basis of its smaller apparent molecular size 
(Figure 9A), failure to bind Mono-Q (Figure 9C) and Cd:GS ratio of 0.67 ± 0.04 and 
0.86 ± 0.07 after chromatography on Sephadex G-1 5 and Mono-Q (Table 6), 
respectively. 

While an m/z ratio of 725 for HMW-CdGS would be equally 
compatible with the transport of Cd.GSSG, this is reftited by two findings: (i) GSSG 
alone does not promote KCF; -dependent uptake (Table 5). (ii) The transport-active 
complex is probably a mercaptide. Pretreatment of HMW-CdGS with 2- 
mercaptoethanol inhibits MgATP-dependent, uncoupler-insensitive Cd^^ uptake by 
DTY165 membranes by more then 80% (Table 6) and 5-methylaiion abolishes the 
stimulatory action of GSH (Table 5). 
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Tfr Bi F. fi. Mo|»r rn ns ^.tios nf r.MW^dGS and HMW-Cd.GS complexes frgctipngted t?Y 
S^phaHe, G-15 ^--^ M""-'^ rhromatMRtohv fFkurf hrfOf^ «nd after MpATP-dependent. 


.mr.rH.nler-insenM"'''" "P'^'^" var.mlar membrane vesicles purified fj-pm PTY 1 65 and DTY1^7 


fiSllS, Cd:GS ratios were estimated from the '°^Cd:I^Hl radioisotope ratios of samples prepared 
from ^^CdS04 and [^H]GSH. //W- ^^Cd.r H]GS was pren-eated with 2-mercaptoethanol (2- 
ME) by heating a 1:4 mixture of //W^^^^Cd.(^H]GS with 2.ME at 60X for 10 minutes before 
measuring ^°^Cd^"^ uptake. Uptake was measured using 50 concentrations (as Cd) of the 
complexes indicated in standard uptake medium containing 5 ^lM gramicidin-D. Values shown are 
means ± SE (n = 3-6). ^^—.,^^=,^=——=^==^=1===============^ 


FRACTION 


^^^Cd UPTAKE {tmoi/mg/IOmin) 


MOLAR RATIO CdiGS 


DTY165 


DTY167 


BEFORE 
UPTAKE 


AFTER 
UPTAKE 


Sephadex G-15 
HMW-CdGS 
LMW-CdGS 

Mono-Q 

HMW-CdGS 
LMW'CdGS 

After 2-ME 
HMW'CdGS 


66.3 ±2.7 
4.4 ± 0.8 

11.9 ±2.4 


5.6 ±2.6 
3.9 ± 1.4 

4.4 ±3,0 


0.44 ± 0.09 
0.67 ± 0.04 

0.49 ±0. 1 7» 
0.86 ±0.07 


0.49 ±0.01 



ty n^i^ Trans port is Dire rtlv Fnereized hv MgATP 
Purification of Cd.GS2 enabled the energy requirements of YCFl- 
dependent transport to be examined directly and confirmed that more than 83% of the 
MgATP-dependent, uncoupler-insensitive Cd^^ transport measured using DTY165 
membranes was mediated by YCFl. Agents that dissipate both the ApH and A¥ 
components of the H^-electrochemical gradient established by the V-ATPase (FCCP, 
gramicidin-D) or directly inhibit the V-ATPase, itself (bafilomycin Aj), decreased 
MgATP-dependent Cd-GS2 uptake by vacuolar membrane vesicles from DTY165 eel 
by 22% (Table 7). Ammonium chloride which abolishes ApH while leaving 
unaffected, on the other hand, inhibited uptake by only 1 5% (Table 7). From these 
results and the inability of uncouplers to markedly increase the inhibitions caused by 
V-ATPase inhibitors alone (Table 7), Cd.GS2 uptake by wild type membranes is 
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inferred to proceed via a YCFl -dependent, MgATP-energized pathway that accounts 
for most of the transport measured and a YCFl -independent pathway, primarily driven 
by the H*-gradient established by the V-ATPase, that makes a minor contribution to 
total uptake. 



Table 7 Fffects of uncouplers and V-ATPase inhibitors on uptake of ^jf^Cfflutathionatokadmiuni 


(TH n<;.) hv v^icuolar membrane vesicles purified from DTYI 65 and DTY167 cells. Uptake was 


measured in standard uptake medium containing 50 jiM purified '^^Cd.GS2. Bafilomycin Aj, FCCP. 
gramicidin-D and NH4CI were added at concentrations of 0.5 jiM. 5 jiM, 5 nM, and I mM, 
respectively. Values outside parentheses are means ± SE (w = 3-6); values inside parentheses are rates 

of UDtake expressed as percentage of control. 


ADDITION 


^^^Cd.GS^ UPTAKE {nmoUmg/10 minutes) 


DTYI 65 


DTYI 67 


Control 
Gramicidin-D 
FCCP 
NH4CI 

NH4CI+ gramicidin-D 

Bafilomycin Aj 

Bafilomycin Ai+ gramicidin-D 


105.8 ± 12.4(100) 
77.8 ± 6,4 (73.5) 
62.2 ± 11.4 (58.8) 
89.8 ± 8.2(84.8) 
69.8 ± 12.0 (66.0) 
81.8 ± 6.0(76.6) 
70.2 ±12.2 (66.4) 


17.3 ±2.7 (100) 
9.3 ±2.0 (56.6) 

10.2 ± 1.6 (59.0) 

10.0 ± 1.7 (57.8) 
8,8 ±2.2 (50.9) 

12.8 ±3.6 (74.0) 
7.2 ±2.4 (41.6) 



rA rxfg^ rninpetes with DN P-GS for Transport 

As would be predicted if Cd.GSj and the model organic GS-conjugate 
DNP-GS follow the same transport pathway, the K\ for inhibition of MgATP- 
dependent, uncoupler-insensitive Cd.GS2 uptake by DNP-GS (1 1.3 ± 2.1 fiM; Figures 
lOA and lOC) coincided with the for DNP-GS transport (14.1 ± 7.4 ^M). 

Pretreatme nt with Cd^"^nr CDNR Inc reases YCFl Hxnression 

RNase protection assays of YCFl expression in DTYI 65 cells and 
measurements of MgATP-dependent, uncoupler-insensitive '°^Cd.GS2 and [^H]DNP- 
GS uptake by vacuolar membranes prepared from the same cells after 24 hour of 
growth in media containing CdS04 (200 ^M) or the cytotoxic DNP-GS precursor, 
CDNB (150 nM), demonstrated a parallel increase in all three quantities. YCFl- 
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specific mRNA levels were increased by 1.9- and 2.5-fold by pretreatment of DTY165 
cells with CdS04 and CDNB, respectively (Figure 12). The same pretreatments 
increased MgATP-dependent, uncoupler-insensitive '^'^Cd.GSj uptake into vacuolar 
membrane vesicles by 1.4- and 1.7-fold and [^H]DNP-GS uptake by 1.6- and 2.8-fold 
(Figure 12). 

These investigations provide the first indication of the mechanism by 
which YCFl confers Cd^* resistance in S. cerevisiae and its relationship to the 
transport of organic GS-conjugates by demonstratmg that the integral membrane 
protein encoded by this gene specifically catalyzes the MgATP-energized uptake of 
6w(glutathionato)cadmium by vacuolar membrane vesicles. 

The codependence of Cd-GSj and organic GS-conjugate transport on 
YCFl is evident at multiple levels: (i) The j/c/7A mutant strain, DTY167, is 
hypersensitive to Cd^" and CDNB in the growth medium and both hypersensitivities 
are alleviated by transformation with plasmid-bome YCFl. (ii) Vacuolar membrane 
vesicles purified from DTY167 cells are grossly impaired for MgATP-energized, 
uncoupler-insensitive organic GS-conjugate and GSH-promoted Cd^"" uptake, (iii) 
Cd.GS2, and organic GS-conjugates compete for the same uptake sites on YCFl. (iv) 
Factors that increase YCFl expression elicit a parallel increase in Cd.GSj and organic 
GS-conjugate transport. Thus, a number of ostensibly disparate observations, the 
strong association between cellular GSH levels and Cd^"" resistance (e.g., Singhal et al, 
1987, FASEBJ. 1:220-223), the markedly increased sensitivity of vacuole deficient 
S. cerevisiae strains to Cd^"" toxicity, and the coordinate regulation of the yeast YCFl 
and GSHl genes, the latter of which encodes y-glutamylcysteine synthetase (Wemmie 
et al, 1994, supra; Wu et al, 1994, supra), are now explicable in terms of a model in 
which YCF 1 catalyzes the GSH-dependent vacuolar sequestration of Cd . 

Further, at the biochemical level, YCFl specifically catalyzes the 
transport of Cd.GSj as the data provided herein establish. In addition, at the cellular 
level, YCFl confers resistance to and is induced by a spectrum of xenobiotics. 
Expression of YCFl is increased by exposure of cells to glutathione-conjugable 
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xenobiotics and Cd^^ The close resemblance of YCFl to MRPl, the capacity of 
YCFl for both organic toxin and heavy metal transport, and its discovery in one of the 
most tractable and thoroughly molecularly characterized eukaryotes, S. cerevisiae, 
establishes that YCFl is useful for manipulation of the transport of organic toxins and 
heavy metals in plants, mammals and yeast. Thus, according to the present invention, 
methods for overcoming, or at least diminishing, heavy metal contamination through 
bioremediation using native species or genetically engineered organisms are now 
possible. 

rinninp of Pl iant MRPl/YCFl homologs 

As described herein, the data presented herein establish that YCFl 
encodes a protein functionally equivalent to human MRP 1 . There is next described the 
discovery that two plant genes. AtMRPl and AtMRP2, from Arabidopsis encode 

MRPIA'CFI homologs. 

To isolate genes likely involved in glutathione S-conjugate transport 
from Arabidopsis thaliam, degenerate PGR primers corresponding to appropriate 
portions of human MRPl (Cole et al, 1992. supra) and YCFl (Szczypka et al. 1994, 
supra) were designed. Four degenerate primers were synthesized but only two of these 
yielded amplification products of the appropriate size that hybridized with MRPl and 
YCFl. The sequences of the two primers were: 

5'-GARAARGTIGGIATHGTIGGIMGIACIGGIGC-3'(MRP2) (SEQ ID N0:17) and 
5'.TCCATDATIGTRTTIARICKTGIGC-3'(MRP4) (SEQ ID NO: 18), where I - 
inosine. K = T or G, M = C or A and R = A or G. MRP2 corresponds to positions 
1321-1331 and 1300-1310 in MRPl and YCFl, respectively; MRP4 corresponds to 
positions 1486-1494 and 1466-1474. Database searches confirmed that the sequences 
of the peptides specified by MRP2 and MRP4 were specific to MRPl and YCFl but 
not any other ABC transporter in GenBank database release 90 (Altschul et al. 1990, J. 

Mol. Biol, 215: 403-410). 

Degenerate PGR was performed using Arabidopsis genomic DNA as 
template. Amplification was for 45 cycles using the following themial profile: 94»C 



-67- 



wo 98/21938 



PCT/US97/21336 



for 30 seconds, 50 °C for 30 seconds and 72 "C for 1 minute. A 0.6 kb PGR product 
was isolated, shown to hybridize strongly with a mixed probe encompassing the second 
NBF domain ofMRPl and YCFl, and was cloned into pCRII vector (Invitrogen). 

Sequence analysis verified that the deduced translation product of the 
Arabidopsis PGR product exhibited greatest simUarity to YGFl and MRPl plus an 
unidentified l.lkb Arabidopsis EST iATYS\246;UofttetaL, \993,PlantJ.. 4: 1051- 
1061). In order to increase the likelihood of obtaining positive clones, a mixed probe 
consisting of the 0.6 kb PGR product and 1 .6 kb EST was employed for further screens. 

Eleven independent positive clones were obtained after screening 
approximately 3x10^ plaques of a size-fractionated (3-6 kb) Arabidopsis cDNA 
library constructed in XZAPII (Kieber et al., 1993. Cell. 72: 427-441) with the mixed 
probe. Restriction mapping confirmed that all 1 1 isolates corresponded to the same 
gene. The longest of these inserts, a 3.5 kb insert, designated Att^2, was subcloned 

and sequenced (Figure 13). 

Since this isolate of AtMRP2 was estimated to be missing approximately 
1 .5 kb of the 5' sequence of the ORF (assuming that the complete ORF of AtMRP2 is 
similar in size to the ORFs of human MRP J and yeast YCFl), 500 bp of the most 5' 
sequence of AtMRP2 was used to probe two Arabidopsis bacterial artificial 
chromosome (BAG) libraries, UGD and TAMU (Ghoi et ai. 1995, Weeds World, 2: 
17-20) to isolate clones containing the missing sequence. This procedure yielded 8 
BAG clones: U1L22. U8C12, U12A2, U23J22, U419, T9G22, T1B17 and T4K22. 
After digestion with HindWl, those fragments that hybridized with the 3.5 kb cDNA 
insert were introduced into pBluescript SK" and sequenced. Two of these BAG clones 
(T1B17, T4K22) comprise a second MPRl plant homolog, designated y4/A«/'7, while 
the remainder (U1L22, U8G12, U12A2, U23J22. U419. T9G22) comprise AtMRP2 
(see below). 

After establishing that an approximately 10 kb Hindm fragment from 
BAG clone U1L22 encompassed sequences identical to AtMRP2, a BgHI restriction 
fragment comprising the first 3 kb of the BAG clone was used to rescreen 
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approximately 2 x 10^ plaques from the Arabidopsis AZAPII cDNA library. Twenty 
six independent positive clones were obtained and the one containing the longest 
cDNA insert, 5.2 kb, was sequenced. 

Sequence analysis demonstrated that the 5.2 kb cDNA was not identical 
to AtMRP2 but instead a very closely related gene. Designated AtMRPl (Figure 16), 
the 5.2 kb cDNA was 84.3% and 88.2% identical to AtMRP2 at the nucleotide and 
amino acid levels, respectively. Importantly, AtMRPl is a full-length cDNA. 

Having determined the complete sequence of the AtMRPl cDNA, it was 
possible to identify the initiation codon of the AtMRP2 genomic clone, design a 
specific 5'-UTR primer and amplify the remaining 5' end of AtMRP2 to generate a full- 
length cDNA. Thus, full-length cDNAs encoding AtMRP2 and AtMRPl (Figures 13 
and 16, respectively) and genomic clones conesponding to AtMRP2 and AtMRPl have 
been generated (Figure 14 and 17, respectively). The deduced amino acid sequences of 
AtMRP2 and AtMRPl are presented in Figures 15 and 18, respectively. 

Fxpression nf AtMRPl in Snrr.haromvces cerevisiae 
The experiments described below establish that AtMRPl mediates the 
MgATP-dependent transport of GS-conjugates. The results of similar experiments on 
AtMRP2 demonstrate that this gene product has the same transport capability. 

The data presented herein establishes that YCFl from Saccharomyces 
cerevisiae encodes a 1,515 amino acid ATP-binding cassette (ABC) transporter protein 
which localizes to the vacuolar membrane and catalyzes MgATP-dependent GS- 
conjugate transport. Membrane vesicles from wild type (DTY165 ) cells contain two 
pathways for transport of the model GS-conjugate, DNP-GS: an MgATP-dependent, 
uncoupler-insensitive pathway and an electrically driven pathway. Membranes from 
the mutant strains DTY167 and DTY168, harboring a deletion of the YCFl gene, are 
by contrast more than 90% impaired in MgATP-dependent, uncoupler-insensitive 
DNP-GS transport. Yeast strains lacking a functional YCFl gene therefore represent a 
model system for probing the GS-conjugate transport function of plant YCFl/MRPl 
homologs. 
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To test the transporter capacity of AtMRPl (the first clone for which a 
full-length cDNA was obtained) for conferring GS-conjugate transport, yeast strain 
DTY168 (disrupted for the YCFI gene) was transformed with an expression vector 
engineered to contain the coding sequence of AtMRPl. After selection of the 
transformants, membranes were prepared and assayed for MgATP-dependent. 
uncoupler-insensitive DNP-GS transport as described herein. The results establish that 
AtMRPl catalyzes GS-conjugate transport in a manner indistinguishable from the 

vacuolar GS-X pump. 

Construction of the exp re'^sion vector 

In order to constitutively express the AtMRPl gene in S. cerevisiae, a 
derivative of the yeast-£. coli shuttle vector, pYES2 (Invitrogen), was constructed. 
Essentially, the 831 hp Xbal/Notl fragmsnt encompassing the 3-phosphoglycerate 
kinase (PGK) promoter of plasmid pFL61 (Minet et al., 1992, Plant J. 2:417-422) was 
inserted between the Spel/NotI restriction sites of pYES2. In so doing, the galactose- 
inducible yeast GALl promoter of pYES2 was replaced by the constitutive yeast PGK 
promoter, pPGK. This plasmid. designated pYESS, is otherwise identical to pYES2. 
The gene to be expressed is inserted into the multiple cloning site located between the 
PGA: promoter and CYCl termination sequences. 

Preliminary experiments had established that the 5' untranslated region 
(UTR) of the original AtMRPl cDNA isolate diminished expression of the open 
reading frame in yeast. Thus, to maximize expression, the 127 bp 5'-UTR of AtMRPl 
was removed. For this purpose, pBluescript SK"-AtMRPl was digested with 
Hpal/SnaBl to delete 3045 bp of the internal sequence. The remaining 5 kb fragment 
from this digest was gel-purified and self-ligated to generate tnincated .4/A//JPi cDNA 
as a template for PGR. One hundred pmol of AtMRPl-l^co primer (5'- 
AAACCGGTGCGGCCGCCATGGGGTTTGAGCCGT-3') (SEQ ID N0:19) and 100 
pmol of T3 primer (5'-AATTAACCCTCACTAAAGGG-3') (SEQ ID NO:20) were 
used to amplify a 2002 bp fragment of AtMRPl using Pfix DNA polymerase 
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(Stratagene). Amplification was for 30 cycles using the following thermal profile: 
94''C for 15 seconds; 50''C for 15 seconds; and 12''C for 3.5 minutes. 

The PGR product was gel-purified, digested with Spe\ and cloned into 

the EcoRV/Spel sites of pBluescript SK' to generate pSK' AtMRPJ-Uco2. The 1227 
bp Sphl/Spel fragment of this construct was then exchanged with the 4363 bp SphVSpel 
fragment of pBluescript pSK' AlMRPl to generate pSK' AtMRPl-t^coS. pYES- 
AtMRPl, lacking the 5' UTR, was constructed by digesting pSK" AtMRP J -Nco5 with 
XhoVSpel to obtain a 5049 bp truncattd AtMRPl gene fragment which was cloned into 
the XhoVXbal sites of pYES3. One kb of the 5' sequence of the AtMRPl insert of 
pYE%2>-AtMRPl was analyzed and was found to match exactly the sequence of the 

original cDNA clone. 

Transfnrmation of Yeast 

S. cerevisiae strain DTY168 (MATa his6, /eu2-3, -112, wra3-52 
ycfliMsG) was transformed with pYES3-AtMRP] or empty vector lacking the 
AtMRPJ insert (pYES3) by the LiOAc/PEG method (Giest et al., 1991, Yeast 7:253- 
263) and selected for uracil prototrophy by plating on AHC medium containing 
tryptophan (Kim et al., 1994, supra). 

^?f}]?\\n^ of membrane vesicles 

For the preparation of membrane vesicles, 15 ml volumes of stationary 
phase cultures of the transformants were diluted into 1 L of fresh AHC medium and 
grown to an ODgoo nm of about 1.2. Membrane vesicles were purified as described 
herein and in Kim et al. (1995, supra). 

Meaqurem pnt nf DNP-GS uptake 

DNP-GS uptake was measured as described herein in 200 reaction 
volumes containing 3 mM ATP, 3 mM MgS04, 5 piM gramicidin-D, 10 mM creatine 
phosphate, 16 units/ml creatine kinase, 50 mM KCl, 1 mg/ml BSA, 400 mM sorbitol, 
25 mM Tris-Mes (pH 8.0) and the indicated concentrations of [^H]DNP-GS (17.4 
mCi/mmol). Gramicidin-D (uncoupler) was included to abolish the H"^- 
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electrochemical potential difference that would otherwise be established by the V- 
ATPase in media contsuning MgATP. 

The results nf this studv 

Membrane vesicles purified from pYES3-^rMJ?i>i -transformed 
DTY168 cells exhibit an approximately 4-fold increase in MgATP-dependent, 
uncoupler-insensitive [^H]DNP-GS uptake by comparison with membrane vesicles 
purified from DTY168 cells transformed with empty vector (Figure 19). When 
measured at a DNP-GS concentration of 61.3 ^M, the initial rates of uptake by 
membrane vesicles purified from pYES3-/l/M/?P/-transfonh"ed and pYES3- 
transformed cells were 0.4 nmol/mg/minute and 0.1 nmol/mg/minute, respectively 
(Figure 19). 

The concentration dependence and vanadate inhibitility of uptake verify 
direct participation of AtMRPl. MgATP-dependent, uncoupler-insensitive uptake by 
membrane vesicles purified from the pYESi-AtMRPJ transformants increases as a 
single hyperbolic function of DNP-GS concentration to yield and values of 
48.7 ± 15.4 nM and 6.0 ± 1.7 nmol/mg/10 minutes, respectively (Figure 19). pYES3- 
AtMRPl -dependent DNP-GS uptake decreases as a single exponential function of tiie 
concentration of the phosphoryl transition state analog vanadate, to yield an I,o of 8.3 ± 
3.3 iiM (Figure 20). By contrast, the apparent for DNP-GS uptake by membrane 
vesicles purified from pYES3-transformed DTY168 cells is in excess of 500 nM and 
uptake is insensitive to vanadate. 

On the basis of its sequence characteristics and the results of these 
experiments, AtMRPl encodes the vacuolar GS-^pump. The increases in uptake 
following the introduction of plasmid borne AtMRPl into yeast (ca. 4 nmol/mg/20 
minutes) are commensurate with the rates of MgATP-dependent, uncoupler-insensitive 
DNP-GS uptake measured in vacuolar membrane vesicles purified from plant sources 
(2.3, 3.8, 18.2, 5.8, and 2.1 nmol/mg/20 minutes iox Arabidopsis leaf, Arabidopsis root. 
Beta vulgaris storage root, Vigna radiata hypocotyl and Zea mays root, respectively) 
(Table III in Li et al, 1995, supra). The for DNP-GS transport by heterologously 
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expressed AtMRPl is similar to that reported for the endogenous GS-Jfpump of plant 
vacuolar membranes (81.3 ± 41.8 ^M, Li e( ai, 1995, supra). The I,o for inhibition of 
AtMRPl-dependent DNP-GS transport by vanadate coincides with the /jo for inhibition 
of the endogenous vacuolar GS-X pump of plant cells (7.5 ± 3.9 \iM, Li et ai, 1995. 
supra). 

Having confirmed that the endogenous vacuolar pump of S. 
cerevisiae is lacking in thejyc/lA mutant strains. DTY168 and DTY167 (Li et at., 
1995, supra), and in any case has a markedly lower Kj„ for DNP-GS and is 6 to 8-fold 
less sensitive to vanadate than the plant cognate, these findings establish that AtMRPl 
per se is responsible for the MgATP-dependent, uncoupler-insensitive transport 
measured in these experiments. Given that heterologous expression of AtMRPl alone 
is sufficient for DNP-GS transport in DTY168 cells, it is concluded that one of the GS- 
A" pumps of Arabidopsis has been cloned in its entirety. 

Sequence comparisons of MRPl, cMOAT, YCFl. AtMRPl and 
AtMRP2 with other members of the ABC transporter superfamily reveal two major 
subgroups. One group contains MRPl, cMOAT, YCFl. AtMRPl. AtMRP2 and the 
Leishmania P-glycoprotein-related molecule (Lei/PgpA). The other group contains the 
MDRs, the major histocompatibility complex transporters and STE6. However, of all 
the ABC transporters defined to date, cMOAT, YCFl. AtMRPl and AtMRP2 exhibit 
the closest resemblance to each other. Unlike the similarities between the GS-J\f pump 
subgroup, Lei/PgpA and CFTR, which center on the nucleotide binding folds (NBFs), 
the similarities between the GS-X pump members cMOAT, YCFl, AtMRPl and 
AtMRP2 are found throughout the sequence. GS-X family members are 40-45% 
identical (60-65% similar) at the amino acid level, possess NBFs with an equivalent 
spacing of conserved residues and are colinear with respect to the location, extent and 
alteration of putative transmembrane spans and extramembrane domains. Two features 
of members of the GS-X pump family that distinguish them from other ABC 
transporters are their possession of a central truncated CFTR-like regulatory domain 
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10 



15 



rich in charged amino acid residues and an approximately 200 amino acid residue N- 

terminal extension. 

A hydropathy aligment of AtMRPl, AtMRP2, YCFl, HmMRPl, and 
RtCMOAT is shown in Figure 21. Note the following: (i) The almost exact 
equivalence of AtMRPl and AtMRP2 with respect to the alternation of hydrophobic 
and hydrophilic stretches, (ii) The close correspondence of AtMRPl and AtMRP2 with 
all of the other members of the MRPlA'CFl/cMOAT subclass of ABC transporters in 
terms of the overall hydropathy profiles, (iii) The "signature" profile for the N-terminal 
200 amino acid residues of all of the sequences shown, which is unique to the 
MRPl A'CFl/cMOAT subclass. Hydropathy was computed according to Kyte and 
Doolittle(1982, J. Mol. Biol. 46:105-132)overarunning window of 15 amino acid 
residues. Hydrophobic stretches of sequence fall below the line and hydrophilic 

stretches fall above the line. 

In Figure 22 there is depicted domain comparisons between AtMRPl, 
ScYCFl, HmMRPl, RtCMOAT, RbEBCR and HmCFTR. The domains indicated are 
the N-terminal extension (NHz), first and second transmembrane spans (TMl and TM2, 
respectively), first and second nucleotide binding folds (NBFI andNBF2, 
respectively), putative CFTR-like regulatory domain (R), and the C-terminus (COOH). 
This comparison is also tabulated in Tables 8 and 9. 



TARl.E 8: Identity and similarity analysi s nf putative domains of AtMRPl agajnjt AtMP-Pi? ScYCFU 
u»,x>ipp i BtPMOAT HmCFTR and RbEBCR. Sc^Cn. Saccharomyces cercvisiae YCFl; 
[!!!!S!:Sm^?R^^^^^ HmCFTR. human CFTR; RbEBCR. rabbit EBCR. 
The domains identified are N-terminal extension (NH,), transmembrane segments 1 and 2 (TMl and 
TM2 respectively), CFTR-like regulatory domain (R), nucleotide binding folds I and 2 (NBFI and 
NBF2. respectively) and C-terminus (COOH). Similarity was calculated as described herem over the 
sequence segments indicated in Table 9. 



1 SEQUENCE 1 


DOMAIN 


OVERALL 




TMl 


NBFI 


AtMRP2 


Identity 


87.0 


74.4 


90.4 


92.1 




Similarity 


93.7 


85.2 


96.1 


96.7 


ScYCFl 


Identity 


36.1 


13.3 


32.2 


50.0 
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SEQUENCE II 


DOMAIN 


OVERALL 


NH, 


TMl 1 


NBFI 1 




Similarity 


55.4 


32.9 


52.6 


75.0 


HmMRPl 


Identity 


41.5 


16.2 


37.4 


58.0 




Similarity 


63.3 


34.8 


57.5 


78.7 


RtCMOAT 


Identity 


38.6 


19.6 


33.8 


58.7 




Similarity 


60.2 


36.7 


61.0 


80.0 


HmCFTR 


Identity 


29.2 


0 


22.8 


40.7 




Similarity 


55.1 


0 


47.8 


62.0 


RbEBCR 


Identity 


38.9 


17.2 


34.5 


62.4 




Similarity 


60.4 


34.9 


61.6 


82.6 


SEQUENCE 


DOMAIN 


R 


TM2 


NBF2 


COOH 


AtMRP2 


Identity 


80.5 


86.9 


91.3 


89.4 




Similarity 


89.8 


94.2 


96.5 


94.4 


ScYCFl 


Identity 


33.9 


34.7 


34.7 


58.1 




Similarity 


59.5 


57.9 


57.9 


71.8 


HmMRPl 


Identity 


31.6 


31.9 


61.9 


48.3 




Similarity 


50.4 


56.3 


72.8 


69.0 


RtCMOAT 


Identity 


33.9 


34.4 


60.7 


50.0 




Similarity 


50.0 


58.8 


75.7 


67.2 


HmCFTR 


Identity 


45.7 


22.3 


39.5 


28.1 




Similarity 


75.0 


51.3 


61.6 


58.4 


RbEBCR 


Identity 


35.6 


34.1 


61.9 


43.0 




Similarity 


51,7 


59.1 


74.0 


62.7 




TART F 0 


Po<;itions and ^ires of segmenu of sequence analyzed in Tablg 8. 










SEQUENCE 


DOMAIN 


OVERALL 


NH2 


TMl 


NBFI 


AtMRPl 


Position 




1-223 


224-631 


634-782 




Size 


1622 


223 


407 


148 


AtMRP2 


Position 




1-223 


224-631 


634-782 
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SEQUENCE 


DOMAIN 


OVERALL 


NH2 


TMl 


NBFl 




Size 


1622 


223 


407 


148 


ScYCFl 


Position 




1-210 


211-645 


646-787 




Size 


1515 


210 


435 


142 


HmMRPl 


Position 




1-240 


241-660 


661-810 




Size 


1531 


240 


420 


150 


RtCMOAT 


Position 




1-192 


193-648 


649-799 


- 


Size 


1540 


192 


456 


151 


HmCFTR 


Position 




0 


1-440 


441-590 1 






1481 


0 


440 


150 




Pn^itinn 




1-193 


194-651 


652-800 




Size 


1562 


193 


458 


149 


SFOUENCE 


DOMAIN 


R 


TM2 


NBF2 


COOH 


AtMRPl 


Position 


783-900 


901-1244 


1245-1417 


1418-1622 




Size 


117 


343 


172 


205 


AtMRP2 


Position 


783-905 


906-1249 


1250-1422 


1423-1622 




Size 


122 


343 


172 


200 


ScYCFl 


Position 


788-936 


937-1279 


1280-1453 


1454-1515 




Size 


149 


343 


174 


163 


HmMRPl 


Position 


811-960 


961-1300 


1301-1473 


1474-1531 




Size 


150 


340 


173 


59 


RtcMOAT 


Position 


800-960 


961-1302 


1303-1476 


1477-1541 




Size 


161 


342 


174 


65 


HmCFTR 


Position 


591-847 


848-1217 




lion lAJii 




Size 


256 


371 


172 


92 


RbEBCR 


Position 


801-961 


962-1304 


1305-1477 


1478-1562 




Size 


161 


343 


173 


86 
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As is apparent from the data presented above, there is significant 
homology between similar domains among AtMRP-related proteins. In particular, the 
N-terminal and R domains share significant homology among the AtMRP-related 
proteins tested. These data establish that in addition to primary sequence, the 
secondary structure of the molecule plays a significant role in GS-X pump function. 

It should be appreciated rhatAtMRPl md AtmP2 constitute a family 
of genes in Arabidopsis, wherein various members of the family have different 
substrate specificities as demonstrated by the next set of experiments. 

Substrate Prferpnces of A tMFP^ AtMRP2 

To examine the substrate preferences of AtMRPl and AtMRP2, the 
following experiments were performed. 

T'^l^Tinn »f»>»-NCC-i 

["C]5/i-NCC-l (33.3 mCi/mmol) was extracted from senescent 
cotyledons of rape (Brassica napus) and was purified by preparative HPLC (Krautler et 
ai. \991, Plant Physiol. Biochem. 30:333-346). Determinationofthepurity of the 
final preparation by analytical HPLC and enumeration of concentration and specific 
radioactivity (33.3 mCi/mmol) were performed according to Hinder et al. (1966, J. 
Biol. Chem. 271:27233-27236). Unlabeled 5«-NCC-l was isolated from fully 
senescent cotyledons of excised shoots that had been maintained in complete darkness 
for 1 week, 

Mpasnrement of transport 

Cells were grown and vacuolar membrane-enriched vesicles were 
prepared as described (Kim et al, 1995, J. Biol Chem. 270:2630-2635-). Uptake of 
[«*C]B«-NCC-1, ['H]C3G-GS, ['H]DNP-GS. pH]GSSG, ["C]metolachlor or 
[^HJtaurocholate was measured routinely in 200 n\ reaction volumes containing 
membrane vesicles (10-20 protein), 3 mM ATP, 3 mM MgSO,, 5 gramicidin- 
D, 10 mM creatine phosphate, 16 units/ml creatine phosphate kinase, 50 mM KCl, 
Img/ml BSA, 400 mM sorbitol, 25 mM Tris-Mes (pH 8.0) and the indicated 
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concentrations of transport substrate. Uptake was terminated by the addition of 1 ml 
ice-cold wash medium (400 mM sorbitol/3 mM Tris-Mes, pH 8.0) and vacuum 
filtration of the suspension through prewetted Millipore HA cellulose nitrate filters 
(pore size 0.45 fjon). The filters were rinsed twice with wash medium, and the retained 
radioactivity was determined by liquid scintillation counting. Nonenergized uptake 
was estimated by the same procedure except that ATP was omitted fi-om the uptake 
medium. 

The effect of taurocholate on the release of pH]DNP-GS from 
membrane vesicles that had been allowed to mediate AtMRP2-dependent accumulation 
of this compound during a preceding uptake period was determined. This was 
accomplished by rapid depletion of ATP from the uptake medium using a hexokinase 
trap (glucose + ATP -> glucose-6-phosphate + ADP) and measurements of the decrease 
in vesicular radiolabel in the presence or absence of taurocholate. Membranes from 
DTY168/pYES3-AtMRP2 cells were incubated for 10 minutes in standard uptake 
medium containing 61.3 iM pH]DNP-GS after which time 200 mM glucose and 50 
units/ml hexokinase (Type F-300 from baker's yeast) were added. After incubation for 
a further 2 minutes, taurocholate (50 ^M) or Triton X-100 (9.01% v/v) was added and 
release of vesicular [^H]DNP-GS was measured as described. Control samples were 
treated identically except that no additions were made after the initial 10 minute 

incubation period. 

ff^^l^f^rats Preferences 

The absence of AtMRP2-dependent transport from DTY168 and 
DTY168/pYES3 membranes and the selective inhibition of this system by micromolar 
concentrations of vanadate, established that AtMRP2-dependent transport may be 
measured in two ways. This may be accomplished by assessing the difference between 
the rates of MgATP-dependent, uncoupler-insenstitive uptake by DTY168/pYES3- 
AtMRP2 membranes by comparison with DTY168 or DTY168/pYES3 membranes, or 
by assessing the vanadate-sensitive component of MgATP-dependent, uncoupler- 
insensitive uptake by DTY168/pYES3-AtMRP2 membranes. Because the results were 
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qualitatively and quantitatively similar whichever method was used, "AtMRP2- 
dependent" transport as used in this section refers to uptake which is measured as the 
increment consequent on transformation of DTY168 cells with pYES3-AtMRP2 versus 
pYES3. 

Application of this methodology to vacuolar membrane-enriched 
vesicles purified from pYES3-AtMRP2- versus pYES3-transformed DTY168 cells and 
expansion of the transport assays to measurements of the concentration dependence of 
[5H]DNP-GS, pH]GSSG, ['^Cjmetolachlor-GS, ['*C]5n-NCC-l and ['H]taurocholate 
uptake, demonstrated that the substrate preferences and maximal transport capacities of 
AtMRP2 and AtMRPl differed markedly. While uptake of all of the GSH derivatives 
examined conformed to Michaelis-Menten kinetics, the F„„ values for AtMRP2- 
dependent uptake were consistently serveralfold greater than those for AtMRPl- 
dependent uptake. The K„„ values for AtMRP2-dependent uptake of pH]DNP-GS, 
pH]GSSG and ["Clmetolachlor-GS were 16.3 ± 3.1, 38.1 ± 3.2 and 136.0 ± 28.1 
nmol/mg/lO min, respectively; the corresponding values for AtMRPl were 8.2 ± 1.6 , 
6.8 ± 1.1 and 17.5±5.2 nmol/mg/10 min. With the exception of pH]GSSG whose K„ 
for AtMRPl-dependent uptake (21.9.2 ± 58.3 fjM) was three times greater than that for 
AtMRP2-dependent uptake (73.0 ± \5.\^M), the values estimated for AtMRP2 and 
AtMRPl were very similar (65.7±29.8 versus 63.6 ± 36.5 for metolachlor-GS). 

Single concentration (50 a^M) measurements of uptake of the 
glutathionatedanthocyanin, cyanin-3.glucoside-GS (C3G-GS), demonstrated an 
approximately 6-fold greater capacity of AtMRP2 for transport of this compound (rate 
= 48.4 ± 2.2 nmol/mg/10 min) by comparison with AtMRPl (rate = 7.9 ± 0.7 
nmol/mg/lOmin). 

In no case was MgATP-dependent, uncoupler-insensitive uptake of the 
unconjugated precursors of the GS-compounds, DNP, GSH, metolachlor and C3G 
detectable. 

Neither AtMRP2 nor AtMRPl catalyzed the uptake of ['H]taurocholate. 
Transformation of DTY168 cells with either pYES3-AtMRP2 or pYES3-AtMRP 1 
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conferred little or no increase in the capacity of vacuolar membrane-enriched vesicles 
for pH]taurocholate uptake over that measured with vesicles prepared firom pYES3- 
transformed cells. The results of these experiments are presented in Table 10. 

Table 10. Kinetic parameters for uncoupler-insensitive AtMRPl- and AtMRP2- 
dependent transport of GS-derivatives, B«-NCC-1 and taurocholate. 



AtMRPl 



AtMRP2 



Compound 



Km 



DNP-GS 
GSSG 

Metolachlor-GS 

j?n-NCC-l 

Taurocholate 



73.8 ±18.8 8.2 ±1.6 
219.2 ±58.3 6.8 ±1.1 
63.6 ±36.5 17.5 ±5.2 

Linear 

Linear 



65.7 ±29.8 16.3 ±3.1 

73.0 ±15.1 38.1 ±3.2 

75.1 ±31.6 136.0 ±28.1 

15.2 ±2.3 63.1 ±2.5 

Linear 



MgATP-dependent, uncoupler-insensitive uptalce by DTY168/pYES3-AtMRPl, 
DTY168/pYES3-AtMRP2 and DTY168/pYES3 membranes was measured as 
described herein. The K„ and K„„ values were estimated by fitting the data to a single 
Michaelis-Menten function by nonlinear least squares analysis. Values shown are 
means ± SE. 

The 2- to 8-fold greater capacity of AtMRP2 versus AtMRPl for 
transport of the compounds examined was not attributable to differences in the levels of 
expression of their cDNAs from the PGK gene promoter of pYES3. Quantitative RT- 
PCR of equivalent amounts of total RNA extracted from DTY168/pYES3-AtMRP2 
and DTY168/pYES3-AtMRPl cells yielded similar levels of the 800 bp PGR 
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amplification product predicted from the sequences of the oligonucleotide primers 
used. Since neither amplification product was generated when PCR was performed 
without reverse transcription or when total RNA firom DTY168/pYES3 cells was 
employed as template, contamination by genomic DNA and/or RT-PCR of transcripts 
other than those from AtMRP2 or AtMRPl, respectively, was not responsible for the 

observed results. 

Annmalous interactinn?; between candidate transport substrates 
Two critical properties of AtMRP2 were its capacity for the 
simultaneous transport of GS-conjugates and 5n-NCC-l and its pronounced sensitivity 
to inhibition by taurocholate. Simultaneous measurements of ['"CIBm-NCC-I and 
pH]DNP-GS uptake by membrane vesicles purified from DTY168/pYES3-AtMRP2 
cells revealed parallel accumulation of both compounds with little or no interference of 
the transport of one by the other. AtMRP2-dependent uptake of ["Clfiw-NCC-l at an 
extravesicular concentration equivalent to its value (15;zM,) was nearly three times 
less sensitive to DNP-GS than would be predicted if this GS-conjugate were a 
competition If DNP-GS were a simple competitive inhibitor such that its value 
(66mM) approximated its K, value for the inhibition of fiA^-NCC-1 uptake, 120 ixU 
DNP-GS would be expected to inhibit ['^ClBw-NCC-l uptake by 48% but this was not 
observed. DNP-GS concentrations in excess of 120 ^JM decreased ['"ClB^-NCC-l 
uptake by less than 18%. Reciprocally, the concentration-dependence of AtMRP2- 
mediated pH]DNP-GS uptake was not affected appreciably by 5rt-NCC-l . The K„ and 
K„„ values for AtMRP2-dependent [^H]DNP-GS uptake in the presence of 15 a<M Bn- 
NCC-1 (80.5 ± 28.6 iiM. and 1 8.3 ± 1 .6 nmol/mg/1 0/min) were similar to those 
measured in its absence. 

Although neither AtMRP2 nor AtMRPl transported taurocholate, 
AtMRP2-mediated transport was selectively inhibited by this compound. AtMRPl- 
dependent pH]DNP-GS uptake was relatively insensitive to taurocholate (/jp > 250 
fxU) but the uptake of both pH]DNP-GS and ['*C]5n-NCC-l by AtMRP2 was strongly 
inhibited (/50(dnp-gs upuko = 27 ± 1.3 /iM; /5o,b«.ncc.i upuko = 49.5 ± 0.3 a^M). 
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Taurocholate at the concentrations employed appeared to exert is effect 
on AtMRP2-mediated transport by inhibiting pump activity directly rather than by 
increasing background membrane permeability and decreasing net influx by increasing 
passive DNP-GS efflux. Addition of taurocholate at a concenttation (50 /iM) sufficient 
to inhibit AtMRP2-dependent [»H]DNP-GS uptake by 70% to DTY168/pYES3- 
AtMRP2 vesicles that had accumulated pH]DNP-GS for 10 minutes before arresting 
pump action by ATP depletion using a hexokinase trap, did not accelerate the efflux of 
intravesicular 'H-label over that measured on vesicles subject to a hexokinase trap in 
the absence of taurocholate. Imposition of a hexokinase trap and addition of a 
concentration of detergent (Triton X-100; 0.01% v/v) known to permeate these 
membranes (Zhen et aL, 1997, J. Biol. Chem. 272:22340-22348). on the other hand, 
increased the rate and extent of release of the pH]DNP-GS accumulated during the 
preceding 10 minute uptake period by more than 3-fold versus DTY168/pYES3- 
AtMRP2 vesicles treated with hexokinase alone or hexokinase plus taurocholate. 

The high capacity of AtMRP2 for the transport of large amphipathic 
anions other than GS-conjugates (i.e.. 5«-NCC demonstrates that one pump can 
assume more than one of the several ABC transporter-like functions identified in plants 
to date. In the case of AtMRP2, this includes transport activity directed to a broad- 
range GS-conjugate pump and a chlorophyll metabolite pump. Thus, one the one hand, 
the high capacity of heterologously expressed AtMRP2, and to a lesser extent 
AtMRPl, for the transport of metolachlor-GS, and by extension GS-conjugates of other 
herbicides to glutathionation, is consistent with the molecular identification of 
transporters capable of removing these and related compounds from the cytosol. On 
the other hand, the high capacity of AtMRP2 for the transport of 5n-NCC is consistent 
with the identification of an element capable of contributing to the further metabolism 
and eventual removal of tetrapyrrole derivatives generated during leaf senescence from 
the cytosol. 

V^riinlar uptake of fi[liitathionated medicarnin hv the glutathione 
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A key event in the disease resistance response of legumes is the rapid 
and localized accumulation of isoflavonoid phytoalexins. Accordingly, most studies of 
plant-pathogen interactions in the Leguminosae have centered on the enzymology and 
molecular biology of the isoflavonoid biosynthetic pathway (Dixon et al. 1995, 
Physiol. Plant 93:385). However, the mechanism and sites of intracellular 
accumulation of these compounds is not understood. Since many isoflavonoid 
phytoalexins are as toxic to the host plant as they are to its pathogens, it is essential that 
they are accumulated in the plant in a site which is sequestered {i.e., isolated) from the 
cytoplasm. 

The following experiments describe uptake of free [^H]medicarpin by 
vacuolar membrane vesicles purified from etiolated hypocotyls of mung bean {Vigm 
radiata). This uptake is slow and relatively insensitive to MgATP. However, after 
incubation with glutathione and a total glutathione-5-transferase preparation from 
maize {Zea mays), [^H]medicarpin uptake occurs at a rate which is S-fold faster in the 
presence, as opposed to the absence of MgATP. MgATP-dependent uptake of 
glutathione/glutathione.5-transferase pretreated [^H]medicaipin is only slightly 
inhibited by uncoupler (gramicidin D), but is strongly inhibited by vanadate and the 
model glutathione-5-conjugate, S-(2,4-dinitrophenyl)glutathione. These results 
demonstrate that the MgATP-energized glutathione-conjugate pump identified herein 
in the membrane preparation is capable of high affinity, high capacity transport of 
glutathionated isoflavonoid phytoalexins. The experimental procedures and results of 
these experiments are now described. 

Prftparation o f f^H]medicaroin 

[^H]medicarpin was produced by base-catalyzed tritium exchange from 
^HjO using unlabeled medicarpin isolated from fenugreek (Trigonella 
foenumgraecum) seedlings exposed to 3 mM CUCI2. 
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(tST purification and conjugat ion of medicaroin 
Two-week old maize (Zea mays) B73N seedlings were grown under 
continuous light at 21 "C. Twenty four hours prior to harvesting, the seedlings were 
exposed to a mild treatment with 2,4-dichlorophenoxyacetic acid and atrazine to 
stimulate GST expression (Timmerman, 1989, Physiol. Plant 77:465). Two-gram 
samples of root and shoot tissue were ground to homogeneity in 50 ml of 500 mM 
sodium phosphate buffer, pH 7.8 (Buffer A). The extract was centrifuged at 7,000 x g 
for 10 minutes at 4°C and the resuhing supernatant was filtered through Miracloth and 
mixed with 2 ml of S-hexylglutathione-conjugated agarose beads (Sigma). After 
incubation for 5 minutes at 21 °C, the beads were sedimented by centrifiigation at 500 x 
g at 4''C. The supernatant was discarded and the beads were resuspended in 2.5 ml of 
prechilled Buffer A and centrifuged again. Bound GST was eluted by resuspension of 
the beads in 2 ml Buffer B (20 mM GSH. 500 mM sodium phosphate, pH 7.8) and 
incubation for 5 minutes at 2rC. The beads were sedimented by centrifiigation at 500 
X g and the supernatant was assayed for GST activity (Mannervick et ah, 1981, 
Methods EnzymoL, 77:231). 

[^H]medicarpin (0.5 nCi, 4.5 Ci/mol) was conjugated with GSH by 
incubation with 25 ^l of total purified maize GSTs for 3 hours at 21 "C in the dark. 
Control, unconjugated samples were prepared by mixing [^HJmedicarpin (0.5 ^iCi) 
with cold Buffer B and immediately freezing the mixture in liquid nitrogen. 

Synthesis of S.r7 4.dinitrophenvnglutathione (DNP-GS) 

DNP-GS was synthesized from l-chloro-2,4-dinitrobenzene and GSH 
by a modification of the enzymatic procedure of Kunst et al, (1989, Biochim. Biophys. 
Acta 983:123; Li et ai, 1995, supra). 

pr eparation of vacuo lar membrane vesicles 

Vacuolar membrane vesicles were purified from etiolated hypocotyls of 
V. radiata cv. Berken as described (Li et al. Plant Physiol. 109: 1257, Li et al, 1995, 
supra). 

Measurement of uptake 
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Unless otherwise indicated, [ H]medicarpin or [ H]medicarpin-GS 
uptake was measured at 25 "C in 200 \i\ reaction volumes containing 3 mM ATP, 3 
mM MgS04, 10 mM creatine phosphate, 16 U/ml creatine kinase, 50 mM KCl, 0.1% 
(w/v) BSA, 400 mM sorbitol and 25 mM Tris-Mes buffer, pH 8.0. Uptake was 
initiated by the addition of 12 \il membrane vesicles (30-40 \ig protein) and brief 
mixing of the samples on a vortex mixer. Uptake was terminated by the addition of 1 
ml ice-cold wash medium (400 mM sorbitol, 3 mM Tris-Mes, pH 8.0) and vacuum 
filtration of the suspension through prewetted HA cellulose nitrate filters (pore 
diameter 0.45 \im). The filters were rinsed twice with a 1 ml ice-cold wash medium, 
air-dried and radioactivity was determined by liquid scintillation counting. 

Protein estimations and source of conunercial chemicals was as 

described herein. 

Results 

Appreciable MgATP-dependent uptake of [^H]medicarpin by vacuolar 
membrane vesicles purified from etiolated hypocotyls of mung was dependent on 
preincubation of this compound with GSH and GSTs. Free [^H]medicarpin incubated 
in the presence of GSH in the absence of GSTs was taken up at 16.7 ± 3.6 and 7.4 ± 1.3 
nmol/mg/20 minutes in the presence and absence of MgATP, respectively (Figure 25). 
In contrast, f H]medicarpin-GS synthesized by incubating [-^Hjmedicarpin with GSH in 
the presence of affinity-purified maize GSTs, was taken up at 81.0 ± 13.3 and 1 1.3 ±0.4 
nmoymg/20 minutes in the presence and absence of MgATP, respectively (Figure 25). 

MgATP-dependent [^H]medicarpin-GS uptake was strongly inhibited 
by vanadate and DNP-GS but was relatively insensitive to uncouplers. Whereas 
inclusion of vanadate (10 nM) or DNP-GS (100 nM) in the assay medium inhibited 
[^H]medicarpin uptake by more than 85%, addition of the ionophore, gramicidin D, 
diminished uptake by only 17% (Table 1 1). 
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Tahle 1 1 . EfferK nf different inhihitnrs on pHltnedicamln-GS uptaKe hv vaCMffly mm^X^n^ 


vesicles. [^H]medicarpin-GS was added at a concentration of 65 ^iM. MgATP was either omitted (- 
MgATP) or added at a concentration of 3 mM (+MgATP). Gramicidin-D, vanadate and DNP-GS 
were added at concentrations of 5 jiM, 10 jiM and 100 ^M, respectively. Values outside parentheses 
are means ± SE (n = 3); values inside parentheses are rates of uptake expressed as percentage of 
control. — 


TREATMENT 


r^HlMedicarpin-GS Uptake (nmol/mg/JO minutes) 


+MgATP 


-MgATP 


1 Control 


85.6 ± 13.3(100) 


16.7 ±6.0 (100) 


+ Gramicidin-D 


71.2 ± 3.0(83.2) 


13.2 ±2.1 (79.0) 


1 + Gramicidin-D + vanadate 


12.9 ± 0.9(15.1) 


17.4 ±0.5 (104.2) 


j + Gramicidin-D + DNP-GS 


ll.7± 2.8(13.7) 


5.6± 3.1 (33.5) 



MgATP-dependent, uncoupler-insensitive uptake increases as a single 
Michaelian function of [^H]medicarpin-GS concentration to yield and values 
of 21.5 ± 15.5 nM and 77.8 ±23.3 nmol/mg/20 minutes, respectively (Figure 26). 

Direct involvement of the GS-Xpump in the accumulation of 
[^H]medicarpin-GS by vacuolar membrane vesicles is therefore evident at three levels: 
(i) Glutathionation of medicarpin selectively increases MgATP-dependent uptake. 
MgATP-independent uptake is marginally affected by glutathionation but MgATP- 
dependent uptake is stimulated by approximately six-fold confinning that medicarpin- 
GS is the transported species and MgATP is the energy source, (ii) Uptake is directly 
energized by MgATP. The inability of uncoupler to markedly inhibit [^H]medicarpin- 
GS uptake implies that the H"^-electrochemical gradient that would otherwise be 
established by the vacuolar H'^-ATPase in the presence of MgATP does not drive 
uptake. Rather, the pronounced inhibition of MgATP-dependent uptake exerted by 
vanadate agrees with the notion that GS-X-mediated uptake is strictly dependent on 
ATP hydrolysis and formation of a phosphoenzyme intermediate (Martinoia et al. 
1993, supra; Li et al, 1995, supra), (iii) (^H]medicarpin-GS and the model GS-A'pump 
substrate DNP-GS, whose transport has been exhaustively analyzed in this system as 
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described herein, compete for uptake indicating that both are transported by the same 
moiety. 

The efficacy of medicarpin-GS as a substrate for the vacuolar GS-X 
pump is striking. Even though the for medicarpin-GS uptake is undoubtedly an 
overestimate, since the yield from the conjugation reaction was not enumerated, it is 
nevertheless 2 to 25-fold lower than those estimated previously for DNP-GS, C3G-GS 
(80 and 46 \iM in this system), glutathione-5-iV-ethylmaleimide (500 ^M) and 
metolachlor-GS (40-60 |iM, barley vacuoles; Martinoia et al, 1993, supra). Moreover, 
the capacity of the GS-^pump for medicarpin-GS uptake is high {V^^ = 78 
nmol/mg/20 minutes) versus DNP-GS (K^ax = 12 nmol/mg/20 minutes) and 
comparable to that estimated for C3G-GS (^-^ax = 45 nmol/mg/minute). Thus, while 
maize anthocyanin was the first natural substrate shown to be vacuolarly sequestered 
through the concerted actions of cystolic GSTs and the vacuolar GS-Jf pump in plants 
(Marrs et al, 1995, Nature, 375:397 and data contained herein), medicarpin, and 
presumably other isoflavonoid phytoalexins, is equally strong a candidate. 

These data suggest that the GSTs which are induced following the 
hypersensitive response to avirulent fungal pathogens likely serve to facilitate the 
vacuolar storage of antimicrobial compounds in the healthy cells surrounding the 
lesion. 

Tran<; pnrt of glutathionated anthoc vanins and auxins by the vacuolar 

nS-J^pump nf plant cells 

The data which are now described demonstrate that the vacuolar GS-^ 
pumps of com {Zea mays) roots and etiolated hypocotyls of mung bean {Vigna radiata) 
transport the anthocyanin cyanidin-3-glucoside (C3G), and the phytohormone, indole- 
3-acetic acid (lAA), after conjugation with glutathione. Whereas the unconjugated 
forms of these compounds undergo negligible uptake into vacuolar membrane vesicles, 
both C3G-GS and lAA-GS are subject to high rates of MgATP-dependent, uncoupler- 
insensitive uptake (Figure 27 and Table 12). lAA-GS and C3G-GS uptake 
approximates Michaelis-Menten kinetics to yield values in the micromolar range 
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and Vjaax values 7- to 40-fold greater than those measured with the artificial transport 
substrate, DNP-GS (Table 12 and Li et al, 1995, supra). Uptake of both conjugates is 
inhibited by DNP-GS and vanadate in a manner consistent with mediation by the GS-A' 
pump (Figure 27 and Table 13). In contrast, glutathionated abscissic acid (ABA-GS) is 
a poor substrate for the GS->^ pump: uptake is relatively slow and only saturates at high 
substrate concentrations (Figure 27 and Table 13). 



Table 12. Summary of kiP'-tir parameters for MeATP-dependent. yncoupler- 


insensitive untaWe nf rlG-GS. !A A>GS and ABA-GS by vacuolar membrane 


vpsicles Durified from ^t^^j^t^H t^vp^r^^v'^ ^ radiata and roots of Z mays. 


Kinetic parameters {K^, //M; V^^. nmoUmg/lO min) were computed from the 


data shown in Figure 27 by nonlinear least squares analysis. Values shown are 


means ± SE. 








PARAMETER 


C3G-GS 


lAA-GS 


V. radiata 


Z mays 


K radiata 




45.7 ± 14.0 


39.5 ±16.6 


36.0 ±16.7 




45,3 ± 6.5 


79.1 ± 14.7 


17.7 ± 5.8 




lAA-GS 


ABA-GS 


PARAMETER 


Z mays 


Radiata 


Z mays 




47.7 ± 19.6 


>1000 


128.8 ±79.1 


^max 


30.0 i: 4.9 


22.9 ± 9.2 


4.0 ± 1.4 



It has been known for some time that the characteristic bronze 
coloration of Bronze-2 {bz2) mutants is a consequence of the accumulation of cyanidin- 
3-glucoside in the cytosol. In wild type {Bz2) plants, anthocyanins are transported into 
the vacuole and become purple or red whereas in bz2 plants, anthocyanin is restricted 
to the cytoplasm where it is oxidized to a brown ("bronze") pigment. However, until 
the present invention, the exact molecular basis of this lesion was unknown. Since Bz2 
encodes a GST responsible for conjugating anthocyanin with GSH (Marrs et al. 1995) 
and glutathionated anthocyanins are transported by the vacuolar GS-A" pump, the 
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experiments described herein explain the bronze phenotype. Being defective in the 
glutathionation of anthocyanins, bz2 mutants are unable to pump these pigments from 
the cytosol into the vacuole lumen; a conclusion borne out by the ability of the GS-X 
pump inhibitor, vanadate, to phenocopy the bz2 lesion in wild type protoplasts and the 
efficacy of cyanidin-3-glucoside-GS as a substrate for the plant vacuolar GS-;if pump in 
vitro, as the data presented herein establish. 

The concept underiying the above-described experiments on 
phytohormones is that they may be subject to metabolic interconversions and 
compartmentation analogous to those deduced for anthocyanins. On the one hand, it is 
now established that C3G must be glutathionated before it can be transported into the 
vacuole. On the other hand, it is evident that most of the vacuolar anthocyanins of 
intact plants are not stored in this form. Instead, they are subject to long term storage 
as their malonyl derivatives. It is therefore apparent that while C3G-GS is a short-lived 
but necessary intermediate for vacuolar anthocyanin compartmentation, it is not the 
terminal product of this process. The experiments with auxins further illustrate this 
principle by demonstrating that lAA is susceptible to glutathionation and that the 
resuhant lAA-GS conjugate is transported by the vacuolar GS-X pump in a MgATP- 
dependent, uncoupler-insensitive, vanadate-inhibitible manner. Thus, even though 
lAA-GS derivatives have not been detected in planta, this does not exclude the 
possibility that they are short-lived transport intermediates necessary for subsequent 
vacuolar processing of this class of compounds. 
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Table 13. Concentrations of DNP-GS an d vanadate required to inhibit MeATP- 
dependent. unrnnpler-insenshive uptalce of C3G>GS. IAA-GS and ABA-GS bv 50% f 
/j o values^ bv vacuolar membrane vesicles purifi ed from etiolated hvDOCOtvIs of V. 
radiata and rnnts of Z mavs, I^q values (plM) were estimated by nonlinear least 
squares analysis after fitting the data to a single negative exponential. ND, not 



determined. 



COMPOUND 


C3G-GS 


lAA-GS 


ABA-GS 


K radiata 


Z mays 


K radiata 


Vanadate 


7.9 


8.2 


6.5 


DNP-GS 


103.5 


112.4 


124.2 




C3G-GS 


lAA-GS 


ABA-GS 


COMPOUND 


Z. mays 


K radiata 


Z mays 


Vanadate 


5.5 


ND 


>150 


DNP-GS 


109.8 


ND 


231.5 



fieneration of a Transge nic Plant Comnrising a Transgene Encoqipg a 

fiS-jyPump 

To generate a transgenic plant comprising a gene encoding YCFl, the 
following experiments were performed. The binary vector pR0K-yCF7 , encoding 
wild type YCFl was constructed. The sense orientation of the inserts with respect to 
the CaMV 35S promoter of pROK (Baulscombe et al., 1986, Nature 321:446-449) was 
confirmed and these constructs, as well as empty vector (pROK) controls, were 
transformed into Agrobacterium strain C58 by electroporation (Ausubel et al., 1992, 
Current Protocols in Molecular Biology, pp 27-28). 

Kanamycin-resistanty4gro6flcrer/«/M transformants were isolated, the 
integrity of the constructs in the bacterial recipient was established by PGR and 
Arabidopsis roots were inoculated with the transformants (Huang et al., 1992, Plant 
Mol. Biol. 10:372-384). The resulting rosette shoots generated on selective medium 
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were transferred to root-inducing medium for regeneration. Stable insertion of the 
sense strands and constitutive expression of YCFl and YCF1::HA was demonstrated in 
the kanamycin-resistant ^roftiViopiw transformants, by probing Southern blots with 
YCFl and pROK sequences and by Northern analyses, respectively. 

An association between YCFl expression and altered xenobiotic 
resistance was tested by screening multiple T2 generation pROK-7CF7, pROK-7CF7- 
HA and pROK empty vector transformant lines for tolerance to cadmium salts and the 
GS-conjugable xenobiotic 1 -chloro-2.4-dinitrobenzene (CDNB). CDNB has three 
advantages for studies of this type: (i) It is an established plant toxin (Li et al. 1995. 
Plant Physiol. 109:1 17-185); (ii) The kinetics of transport of its glutathionated 
derivative, DNP-GS, as well characterized for YCFl (Li et al, 1996, J. Biol Chem. 
271:6509-6517) and the endogenous GS-X pump (Li et al, 1995, Plant. Physiol 
107:1257-1268; Li e/fl/.. 1995, Plant Physiol 109:117-185). (iii) DNP-GS is the only 
known immediate metabolite of CDNB wv/vo (Li e/fl/., \995, Plant Physiol 109:117- 

185). 

Methods similar to those described by Howden et al (Howden et 
al,\992, Plant Physiol 99:100-107; Howden era/., \995, Plant Physiol 107:1059- 
1066; Howden et al, 1995, Plant Physiol 107:1067-1073) were applied to the Initial 
characterization of the transformants. T2 seeds were first sown in rows on Cd^^-free 
and CDNB-free medium in Petri dishes standing on edge so that the roots grew 
vertically down the surface of the agar. Three to 4 days after germination, the seeds 
were transferred, again in rows, to media containing a range of CdS04 or CDNB 
concentrations. After rotating the Petri dishes though 1 80° and allowing growth for 
another 24-48 hours, the seedlings were scored for hook length. The results of this 
study are shown in Figure 28. It is evident from the data presented therein that 
transgenic Arabiposis plants comprising YCFl acquire increased resistance to cadmium 
salts and the organic cytotoxin, CDNB. 

The disclosures of each and every patent, patent application and 
publication cited herein are hereby incorporated herein by reference in their entirety. 
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While this invention has been disclosed with reference to specific 
embodiments, it is apparent that other embodiments and variations of this invention 
may be devised by others skilled in the art without departing from the true spirit and 
scope of the invention. The appended claims are intended to be construed to include all 
such embodiments and equivalent variations. 
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Abstract 

The ATP binding cassette (ABC) superfamily is a large, ubiquitous and diverse group of proteins, most of which mediate 

transport across biological membranes. ABC transporters have been shown to function not only as ATP-dependent pumps, 
but also as ion channels and channel regulators. Whilst members of this gene family have been extensively characterised in 
mammalian and microbial systems, the study of plant ABC transporters is a relatively new field of investigation. Sequences 
of over 20 plant ABC proteins have been published and include homologues of P-glycoprotein, MRP, PDR5 and organellar 
transporters. At present, functions have been assigned to a small proportion of these genes and only the MRP subclass has 
been extensively characterised. This review aims to summarise literature relevant to the study of plant ABC transporters, to 
review methods of cloning, to discuss the utility of yeast and mammalian systems as models and to speculate on possible roles 
of uncharacterised ABC transporters in plants. © 2000 Elsevier Science B.V. All rights reserved. 

Keywords: ABC transporter; P-glycoprolein; Multidrug resistance associated protein; PDR-5; Glutathione conjugate pump; Plant 




ELSEVIER 



1. Overview 

The ATP binding cassette (ABC) superfamily is a 
large and diverse group of proteins, whose members 
mediate a wide range of transport functions. Most 



Abbreviations: ABC, ATP binding cassette; CFTR, cystic fi- 
brosis transmembrane conductance regulator; cMOAT, canalic- 
ular multispecific organic anion transporter; DPC, diphenyl- 
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fold; NTP, nucleotide triphosphate (ATP, CTP, GTP or TTP); 
P-gp, P-glycoprotein; SUR, sulphonylurea receptor; TMD, 
transmembrane domain 
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ABC proteins are primary pumps, which use the en- 
ergy of ATP hydrolysis to drive transport, but some 
also modulate the activity of heterologous channels, 
or have intrinsic channel activity. A few have non- 
transport functions [1]. Over 100 ABC proteins have 
been identified to date, in taxa ranging from bacteria 
to humans: completion of the yeast and Escherichia 
coll genome sequences has revealed 29 and 79 ABC 
proteins, respectively [2,3], and the catalogue of rep- 
resentatives from multicellular eukaryotes continues 
to grow with the progress of targeted research and of 
sequencing projects. Substrates assigned to members 
of this large family of transporters include com- 
pounds as varied as peptides, sugars, lipids, heavy 
metal chelates, polysaccharides, alkaloids, steroids, 
inorganic acids and glutathione conjugates [1,5]. 
This impressive list reflects not only the number 
and diversity of these transporters, but also their 
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atpgpl 


LSVPAGKTIA 


LVGSSGSGK. 


STWSLIERF 


YDPNSGQVLL 


DGQDLKTLKL 


humdrl 


LKVQSGQTVA 


LVGNSGCGK. 


STTVQLMQRL 


YDPTEGMVSV 


DGQDIRTINV 


atmrpl 


LDIPLGSLVA 


WGSTGEGKT 


SLISAMLGEL 


PARSDATVTL 


RGS 


humrpl 


FSIPEGALVA 


WGQVGCGKL 


SLLSALLAEM 


.DKVEGHVAI 


KGS 


hucf tr 


FKIERGQLLA 


VAGSTGAGKT 


SLLMMIMGEL 


.EPSEGKIKH 


SGR 



Walker A 



atpgpl RWLRQQIGLV 
humdrl RFLREIIGW 

atmrpl VAYV 

humrpl VAYV 

hucftr ISFC 

atpgpl IKLPDGFDTQ 
humdrl MKLPHKFDTL 
atmrpl ELLPGGDLTE 
humrpl EILPSGDRTE 
hucftr SKFAEKDNIV 



SQEPALFATS IKENILLGRP 
SQEPVLFATT lAENIRYGRE 
PQVSWIFNAT VRDNILFG.A 
PQQAWIQNDS LRENILFG.C 
SQFSWIMPGT IKENIIFG.V 

VGERGLQLSG GQKQRIAIAR 
VGERGAQLSG GQKQRIAIAR 
IGERGVNISG GQKQRVSMAR 
IGEKGVNLSG GQKQRVSLAR 
liGEGGITLSG GQRARISLAR 



DADQVEIEEA ARVANAHSFI 
NVTMDEIEKA VKEANAYDFI 
PFDQEKYERV IDVTALQHDL 
QLEEPYYRSV IQACALLPDL 
SYDEYRYRSV IKACQLEEDI 

AMLKNPAILL LDEATSALDS 
ALVRNPKILL LDEATSALDT 
AVYSNSDVCI LDEPLSALDA 
AVYSNADIYL FDDPLSAVDA 
AVYKDAD LYL LDS PFGYLDV 
Walker B 



atpgpl ESEKLV. ..Q EALDRFMIGR TTLIIAHRLS TIRKADLVAV LQQGSVSEIG 391-586 
humdrl ESEAW. . .Q VALDKARKGR TTIVIAHRLS TVRNADVIAG FDDGVIVEKG 415-610 
atmrpl HVGQQVFEKC I..KRELGQT TRVLVTNQLH FLSQVDKILL VHEGTVKEEG 636-820 
humrpl HVGKHIFENV IGPKGMLKNK TRILVTHSMS YLPQVDVIIV MSGGKISEMG 666-850 
hucftr LTEKEIFESC VC..KLMANK TRILVTSKME HLKKADKILI LNEGSSYFYG 446-628 



B 

atpgpl AGKTLALVGP SGCGKSSVIS 

humdrl KGQTLALVGS SGCGKSTWQ 

atmrpl PMDKVGIVGR TGAGKSSLLN 

humrpl GGEKVGIVGR TGAGKSSLTL 

hucftr PGQRVGLL GR TGSGKST LLS 
Walker A 



LIQRFYEPSS GRVMIDGKDI RKYNLKAIRK 
LLERFYDPLA GKVLLDGKEI KRLNVQWLRA 
ALFRIVELEK GRILIDECDI GRFGLMDLRK 
GLFRINESAE GEIIIDGINI AKIGLHDLRF 
AFLRLLN.TE GEIQIDGVSW DSITLQQWRK 



atpgpl HIAIVPQEPC LFGTTIYENI 

humdrl HLGIVSQEPI LFDCSIAENI 

atmrpl WGIIPQAPV LFSGTVRFNL 

humrpl KITIIPQDPV LFSGSLRMNL 

hucftr AFGVIPQKVF IFSGTFRKNL 



AYGHEC..AT EAEIIQAATL ASAHKFISAL 
AYGDNSRWS QEEIVRAAKE ANIHAFIESL 
. . .DPFSEHN DADLWESLER AHLKDTIRRN 
. . .DPFSQYS DEEVWTSLEL AHLKDFVSAL 
. . .DPYEQWS DQEIWKVADE VGLRSVIEQF 



atpgpl PEGYKTYVGE 

humdrl PNKYSTKVGD 

atmrpl PLGLDAEVTE 

humrpl PDKLDHECAE 

hucftr PGKLDFVLVD 



RGVQLSGGQK QRIAIARALV 
KGTQLSGGQK QRIAIARALV 
AGENFSVGQR QLLSLARALL 
GGENLSVGQR QLVCLARALL 
GGCVLSHGHK QLMCLARSVL 



RKAEIMLLDE ATSALDAESE 
RQPHILLLDE ATSALDTESE 
RRSKILVLDE ATAAVDVRTD 
RKTKILVLDE ATAAVDLETD 
SKA KILLLDE PSAHLDPVTY 
Walker B 



atpgpl RSVQEALDQA CSGRTSIWA HRLSTIRNAH VIAVIDDGKV AEQGSHSHLL 1051-1248 

humdrl KWQEALDKA REGRTCIVIA HRLSTIQNAD LIWFQNGRV KEHGTHQQLL 1062-1252 

atmrpl VLIQKTIREE FKSCTMLIIA HRLNTIIDCD KVLVLDSGKV QEFSSPENLL 1263-1459 

humrpl DLIQSTIRTQ FEDCTVLTIA HRNLTIMDYT RVIVLDKGEI QEYGAPSDLL 1319-1515 

hucftr QIIRRTLKQA FADCTVILCE HRIEAMLECQ QFLVIEENKV RQYDSIQKLL 1236-1431 

Fig. 1. Sequence alignment of selected ATP binding donnains. (A) N-Terminal nucleotide binding domain. (B) C-Terminal nucleotide 
binding domain. Five ATP binding domains have been aligned to illustrate conserved motifs common to ABC transporters. Numbers 
at the bottom of the figure indicate the amino acid residues used in the alignment. Walker A and B motifs (common to all ATP bind- 
ing proteins) are underlined. The ABC signature motifs are marked by double underlining. The accession numbers of sequences used 
to construct this figure are: human CFTR M28668 [7], human MRP L05628 [10], human P-gpl M 14758 [II], Ambidopsis MRPl 
AF008124 [12], Arabidopsis P-gpl E1339433 [13]. 
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unique nature. Many ABC transporters are relatively 
specific, but others are able to handle several chemi- 
cally dissimilar compounds, and for this reason are 
of considerable academic and practical interest [1,5]. 

The first ABC transporters to be extensively char- 
acterised were the so-called prokaryotic periplasmic 
permeases, involved in nutrient uptake by bacteria 
[6], but recently, much attention has focussed on 
members of the superfamily with clinical significance, 
including the cystic fibrosis transmembrane conduc- 
tance regulator (CFTR [7]), sulphonylurea receptor 
(SUR [8]) and transporters from humans, parasites, 
yeast and bacteria which mediate multiple drug re- 
sistance (MDR [9]). In the past decade, ABC trans- 
porters have emerged as an important and fascinat- 
ing group of proteins in plants. Before it is possible 
to review the plant literature, it is necessary to intro- 
duce some background information on the ABC 
superfamily which has been obtained from mamma- 
lian and microbial systems. 



proaches such as PCR and hybridisation with degen- 
erate nucleotides [16]. 

The organisation of ABC genes is almost as varied 
as their function [4,17]; representative examples of 
eukaryotic ABC genes are presented in Fig. 2. In 
prokaryotes, the different domains are commonly en- 
coded as separate subunits, with the component 
genes of the ABC transporter arranged in a single 
operon [1,4]. However, there are many prokaryotic 
ABC genes in which two or more domains are fused 
to form a single polypeptide. ABC transporters of 
eukaryotic organelles are also expressed as separate 
subunits, which may reflect the endosymbiotic origin 
of plastids and mitochondria, but fusion of domains 
is more common in nuclear-encoded eukaryotic ABC 
genes. The most frequent arrangement is four do- 
mains fused in a single polypeptide, although the 
sequential order of domains may vary, for example: 
transmembrane domains precede the nucleotide 



2. Structure of ABC proteins 



P-gp",MRP'°. STE6'' 



2.L Domain organisation 

Typically, an ABC transporter contains two copies 
each of two structural units: a highly hydrophobic 
transmembrane domain (TMD), and a peripherally 
located ATP binding domain or nucleotide binding 
fold (NBF), which together are often necessary and 
sufficient to mediate transport. The TMD domains 
form the pathway via which the substrate crosses the 
membrane, and in some cases, have been shown to 
contribute to the substrate specificity. The NBFs are 
oriented towards the cytoplasmic side of the mem- 
brane and couple ATP hydrolysis to transport. With- 
in the NBF is a conserved region of approx. 200 
amino acids, consisting of the Walker A and B boxes 
separated by the ABC signature motif (Fig. 1). It is 
this signature motif which distinguishes ABC trans- 
porters from other NTP binding proteins, such as 
kinases, which also contain the Walker sequences 
[14,15]. Sequence homology over the whole gene 
can be negligible between different ABC transporters, 
but in the conserved areas of the NBF it is typically 
30-40% between family members, and this has 
proved useful in the isolation of ABC genes by ap- 



(TM-NBF) 



(NBF-NBF) 



(NBF-TM)2 



NBF-TM 



NBF only 



TMD only 



ATM i", TAP 1 &2'" 



GCN20'' 



KlM^aaM PDR5«-.SNQ2= 



White and Brown 
transporters" 

YCF16'' 



ORF 206'\ ORF 250" 



Fig, 2. Domain organisation of eukaryotic ATP binding cas- 
sette genes. The diagram shows the arrangement of domains in 
the RNA transcript. The transmembrane domains are repre- 
sented as lightly shaded boxes, and the nucleotide binding do- 
mains are represented as dark shaded boxes. Examples for each 
arrangement are given. Note that ycfl6 and ORF206, 250 are 
components of putative organellar ABC transporters, and re- 
quire other subunits to form a functional transport protein. 
References [10,11,18-29] are given as superscripts above the 
gene names. 
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binding domains in MRP, STE 6 and P-glycoprotein 
(TMD-NBF-TMD-NBF), but PDR5 and SNQ2 ex- 
hibit the 'mirror' topology (NBF-TMD-NBF-TMD) 
(Fig. 2). Some eukaryotic ABC proteins, such as the 
HLA Class I antigen transporter (TAP) and the Dro- 
sophila white and brown gene products each consist 
of an ATP binding domain fused to a hydrophobic 
domain; these *half-size' transporters are beUeved to 
function as dimers [20,26]. This flexibility of organ- 
isation is such that functional proteins can be ob- 
tained both by experimental separation and by fu- 
sion of domains [1], but whether four domains, 
either expressed as a single polypeptide or bound 
together to form an oligomer, represent the minimal 
structural unit for all ABC transporters is not yet 
confirmed (for a discussion, see [1]). Some members 
of the ABC superfamily which do not have transport 
functions, appear to have a different organisation 
e.g. OAB, which forms part of the ribonuclease L 
complex [30] and GCN20 which regulates protein 
kinase activity [21]. Additional domains occur in sev- 
eral ABC transporters; these may serve a regulatory 
function, for example, the CFTR R-domain [31,32]. 
In the case of the bacterial periplasmic permeases, an 
extra subunit serves to bind substrate and deliver it 
to the transporter [6] : these periplasmic binding pro- 
teins also have the abihty to interact with membrane 
bound receptors as part of a signalling cascade [3,33]. 

2.2. Secondary structure 

Given their varied domain organisation, it is diffi- 
cult to make general statements about the secondary 
structure of ABC transporters [1]. As in the case of 
other membrane proteins, hydropathy analysis has 
indicated the likely disposition of transmembrane 
helices and hydrophilic loops, and biochemical stud- 
ies to test theoretical models have been conducted for 
some proteins such as human MDR P-gp and MRP. 
P-gp is predicted to contain a tandem repeat of six 
transmembrane helices, each set followed by an ATP 
binding domain - the 'two-times-six paradigm'. 
Whilst this model has strong experimental support 
[34-36], the topology of MRP has been found to 
be significantly different [37]. Members of the MRP 
subfamily have a large, hydrophobic N-terminal ex- 
tension, in addition to the core structure of two 
membrane associated and two ATP binding domains 



possessed by most ABC transporters. Secondary 
structure predictions combined with biochemical 
analyses suggest that MRP has 11 transmembrane 
spans in the N-terminal half of the protein and 
four or six in the C-terminal part [38,39]. Recent 
epitope insertion studies favour the latter model 
and indicate that the N-terminus is extracellular 
[40,41]. No hard evidence exists concerning the sec- 
ondary structure of plant ABC transporters, but, giv- 
en strikingly similar hydropathy profiles, parallels 
have been drawn from studies of honiologues in oth- 
er organisms (e.g. [5]). 

2.3. Tertiary structure 

In comparison to the abundance of biochemical 
and genetic data, little is known about the three-di- 
mensional structure of ABC transporters. In a recent 
study, electron microscopy and image analysis of 
both reconstituted and detergent-solubilised human 
P-glycoprotein gave the first experimental insight 
into the 3D architecture of an ABC transporter 
[42]. The authors were able to propose a structural 
model which was in agreement with available bio- 
chemical and genetic data: the shape and size of 
the protein were consistent with the proposal that 
P-gp functions as a monomer containing two trans- 
membrane domains, each consisting of six a-helices. 
Two 3 nm lobes exposed at the cytosolic face of the 
membrane were thought to correspond to .the nucle- 
otide binding domains. Three-dimensional recon- 
structions suggest that P-gp forms a large aqueous 
chamber within the membrane, open to the extracel- 
lular medium, but closed at the cytoplasmic face of 
the membrane, with an opening to the lipid phase 
[42]. The data were obtained in the absence of 
ATP; further information awaits the acquisition of 
data in the presence of ligands. 

Crystallisation of membrane proteins is notori- 
ously difficult, but attempts to crystallise ABC trans- 
porters or their separate domains are underway. In 
the absence of crystal data, an alternative approach 
has been to model ABC proteins on related, known 
structures, for example: folding patterns for the cy- 
toplasmic NBDs of CFTR based on the mitochon- 
drial F|-ATPase [43,44] and aspartate aminotransfer- 
ase [45], have been proposed, and are consistent with 
biochemical data. However, Hung et aL were re- 
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cently able to exploit the fact that ABC transporter 
domains are encoded as separate proteins in the his- 
tidine permease of Salmonella typhimurium, and de- 
termined the crystal structure for the ATP binding 
subunit, HisP [46]. Results from the more challeng- 
ing task of crystallising an ABC transporter trans- 
membrane domain are eagerly awaited; such infor- 
mation would greatly increase our understanding of 
the molecular mechanisms of transport. 

3. ABC transporters and multidrug resistance: 
mechanistic implications 

Cancer cell lines selected for resistance to specific 
cytotoxic drugs such as colchicine or doxorubicin 
often simultaneously acquire resistance to a number 
of structurally and functionally unrelated compounds 
- this phenomenon is known as multidrug resistance 
(MDR) and is of considerable cHnical importance, 
since it renders tumours refractory to a number of 
chemotherapeutic agents [1]. A major advance in 
understanding MDR was the discovery that the hu- 
man P-glycoprotein gene, MDR], is overexpressed in 
a number of drug resistant cell lines. P-gp is thought 
to mediate ATP-dependent efflux of anticancer drugs 
such as Vinca alkaloids, anthracyclines, actinomycin 
D and taxol, thereby reducing their cytoplasmic ac- 
cumulation. Since these compounds have little in 
common except for amphipathicity, a novel mecha- 
nism has been proposed to account from this unusu- 
al specificity - the 'flippase' model [47]. It has been 
proposed that P-gp binds an amphipathic molecule 
in the cytoplasmic leaflet of the plasma membrane 
and flips its polar group across the plasma mem- 
brane to deliver the molecule to the exocytoplasmic 
leaflet. The amphipathic molecule can now diffuse 
into the extracellular medium, effecting net removal 
from the cytoplasm. ATP is required to overcome the 
concentration gradient, which in this model is the 
differential substrate concentration between the two 
leaflets of the lipid bilayer. Not all members of the P- 
gp subfamily mediate drug transport, and perhaps 
ironically, support for the flippase model was ob- 
tained when the function of one such member was 
discovered. Mouse mdr2, although highly homolo- 
gous to human MDRl P-gp, does not pump drugs, 
but functions as a phosphatidylcholine translocase 



[48,49]. The equivalent protein in humans, MDR3 
P-gp, also specifically translocates phosphatidylcho- 
line, but MDRl P-gp is a lipid translocase of broad 
specificity, which explains why it is able to handle 
multiple lipophilic drugs [50]. Structural data have 
offered further insight into the molecular basis of 
the flippase mechanism: three-dimensional recon- 
structions of electron microscopic data suggest that 
the aqueous chamber formed by P-gp has an opening 
to the lipid phase, allowing substrate access from the 
membrane to the pore translocation pathway (see 
above and [42]). 

Other ABC transporters with low homology to P- 
gp are responsible for certain drug resistance pheno- 
types: for example, MRP was identified as being 
overexpressed in a multidrug resistant small cell 
lung cancer cell line, in which P-gp levels were nor- 
mal [10]. Evidence from transfection experiments and 
studies of cell lines overexpressing MRP demon- 
strated that it is a glutathione conjugate transporter 
[51,52]. In addition to negatively charged glutathione 
conjugates, MRP also pumps lipophilic, neutral or 
mildly cationic cytotoxic drugs, in an unmodified 
form, with a substrate specificity which is overlap- 
ping, but distinct from that of P-gp [53,54]. The hy- 
drophobic N-terminal extension of MRP has been 
postulated to play a special role in the interaction 
with anionic substrates [37], and to what extent 
structural and mechanistic models for P-gp can be 
applied to MRP in the light of this is yet to be 
determined. 

ABC genes responsible for resistance phenotypes 
in the yeasts Saccharomyces cerevisiae and Candida 
albicans have also been well characterised in genetic 
and biochemical studies [2,55]. In S. cerevisiae, two 
linked networks of genes are responsible for the mul- 
tidrug resistant phenotype: the PDR (pleiotropic 
drug resistance) and the YAPl networks [56,57]. 
YAPl is a leucine zipper transcription factor which 
mediates drug resistance through increased transcrip- 
tion of major facilitator superfamily (MFS) trans- 
porters, and also plays a role in resistance to oxida- 
tive stress. One of its targets is the vacuolar MRP 
homologue, YCFl [58], which mediates resistance to 
Cd-"^ [59] and acts as a transporter of glutathione 
conjugates and complexes [60,61]. The PDR network 
consists of two zinc finger transcriptional regulators 
Pdrlp and Pdr3p, which together activate the expres- 
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sion of the ABC transporters: PDR5, SNQ2 and 
YORl. Whilst YORl is similar in organisation to 
human MRP [62], PDR5 and SNQ2 form a new 
class of ABC transporters, exhibiting a mirror topol- 
ogy with respect to MDR and MRP ([22-24,63-65]; 
Fig. 2). Despite a low level of sequence homology, 
and different organisation, they perform analogous 
roles to mammalian MDR P-gp, which has interest- 
ing structure/function implications. The precise spe- 
cificities of Yorlp, Pdr5p, and Snq2p have been es- 
tablished in careful and elegant studies by Goffeau 
and co-workers, using a series of mutants in which 
combinations of the five PDR network genes are 
deleted [57]. The results of screening 359 toxins re- 
vealed that these three ABC transporters confer re- 
sistance to an extremely broad spectrum of com- 
pounds with distinct, but overlapping specificities. 
Not only antifungals, but also plant defence second- 
ary metabolites were identified in the catalogue of 
transporter substrates. The existence of additional 
targets for the PDRl and PDR3 transcriptional reg- 
ulators was also evident from this work - possible 
candidates include several as yet uncharacterised 
ABC transporters identified in the yeast genome 
project [2,66]. Whilst comparisons of unicellular 
and multicellular organisms are not always appropri- 
ate [67], the amenability of yeast to genetic studies 
has revealed a complex and flexible defence system 
which may provide useful models for studies of de- 
toxification in higher organisms. 

4. The emergence of plant ABC transporters 

In a 1992 review, only one plant ABC transporter 
was identified [1]. Currently, there are published re- 
ports of over 20 ABC genes from plants (Table 1), 
several others are represented in the EST databases, 
and various transport processes which may represent 
the activity of ABC transporters have been charac- 
terised. The role of the ABC superfamily in multi- 
drug resistance phenomena has been an important 
factor in the development of plant transport re- 
search, since analogous roles for plant ABC genes 
in cross-resistance to herbicides have been postulated 
[13,89]. However, the diversity of roles in other taxa 
suggests that ABC transporters will certainly per- 
form many other functions in plants. This potential, 



coupled with the possibility of employing highly con- 
served sequences from the NBF in the identification 
and isolation of genes, has led several groups to 
search for members of this gene family in plants. 
Two pioneering reports mark the start of plant 
ABC research in earnest: the isolation of an MDR 
homologue from Arabidopsis thaliana [13], and a bio- 
chemical study describing transport of glutathione 
conjugates into barley vacuoles, which could be as- 
cribed to the activity of an MRP-like transporter 
[90]. Since then, reports of ABC transporter genes 
and activities have followed rapidly; these are dis- 
cussed in detail below, and the reader is also referred 
to two excellent recent reviews on vacuolar conjugate 
transport [5,91]. 

5. MDR family 

5. J. Molecular cloning of plant P-gp homologues 

The first plant ABC transporter to be cloned was 
At PGP 1, an MDR P-gp homologue from Arabidopsis 
[13]. Degenerate oligonucleotide probes based on 
conserved regions of ABC transporters were used 
to screen an Arabidopsis genomic library, resulting 
in the isolation of a full-length genomic clone. The 
corresponding cDNA was subsequently isolated by 
PCR, permitting comparison of both coding se- 
quence and gene structure with ABC transporter 
genes from other organisms. The At PGP J clone ex- 
hibited similar intron structure to mammalian MDR 
genes, and encoded a protein with similar organisa- 
tion of structural domains, suggesting that the P-gp 
subfamily evolved prior to the divergence of plants 
and animals [13]. Southern blot analysis of AtPGPJ 
revealed the existence of a second, diverged member 
of the gene family; subsequently, a second homo- 
logue, AtPGP2, was cloned [13,16]. AtPGPl and 2 
share 44% amino acid identity, and are each 42% 
identical to human MDRl [16]. Further similar, 
but non-identical MDRAikQ Arabidopsis genes have 
also been reported, though their sequences are not 
yet publicly available ([5]; Rea et al., unpublished 
results). 

P-gp homologues have been identified in other 
plant species: screening of a potato stolon cDNA 
expression library with ^^S-labelled calmodulin re- 
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Table I 



a. Plant ABC proteins 



Gene 


Species 


Functional information 




Ref. 


AtrUrl 


At'cibiaopsis 


role in light-dependent hypocotyl cell elongation 


1 J,UOJ 


A t pr^Pi 
Att KjrZ 


A rcibidopsis 


7 






PMDRI 


potato 


CaM binding site 






liVm UK/ 


barley 


7 




r7fli 


AtMRPl 


Arabidopsis 


GS-X transport (DNP-GS, MOC-GS, C-3'G-GS) 




AtM Krz 


Arabidopsis 


GS-X and chlorophyll catabolite transport (DNP-GS, 


\1\ 771 






5/i-NCCl), xenobiotic inducible 






ri I IVi A J J 


/if ClUlttUp^iA 


GS-X and chlorophyll catabolite transport (DNP-GS, 


[73 741 






Bn-^CCX) confers Cd-"^ resistance to ycf! mutant, 








xenobiotic inducible 






AtMRP4 


Arabidopsis 


xenobiotic inducible 




[75] 


At MRP 5 


Arabidopsis 


GS-X transport 




f761 


TaMRPl 


wheat 


xenobiotic inducible 




[771 


TUR2 


Spirodela 


PDR5 homologue, transcriptional regulation by 


[781 






hormones and stress 






AtTUR2 


Arabidopsis 


PDR5 homologue 




[781 


SNQ2 homologue 


alfalfa 


induced in somatic embryogenesis 




[791 


GCN20 homologues 


rice, Arabidopsis 


regulation of kinase activity? 




[21] 


b. Organellar ABC proteins 








Gene/ORF 


Species 


Function 


Mit/c.plast? 


Ref. 


orJ277 


Mar chant ia 


haem transport, helB homologue 


M 


[80] 


orJ206 


Oenothera^ Arabidopsis, carrot, tomato 


haem transport, helB homologue 


M 


[28,81] 


7 


Marchantia 


haem transport, heiC homologue 


M 


[80] 


orJ240 


wheat, rice 


haem transport, he/C homologue 


M 


[29,82] 


orJ250 


Oenothera, Arabidopsis, carrot 


haem transport, helC homologue 


M 


[83] 


ycfJ6 


Odontel/a 


located in stroma 


C 


[27] 


Aorj2 


Antithamnion sp. 


7 


C 


[84] 


orj257 


Ga Idiera sulphuraria 


7 


C 


[85] 


mbpX 


Marchantia 


7 


C 


[86,87] 


mbpY 


Marchantia 


forms complex with mbpXl 


c 


[88] 



suited in the isolation of PMDRI, which is 86% iden- 
tical to At PGP] and 41% identical to human MDRJ 
P-gp [69]. The cloning method employed suggests an 
intriguing link to calcium-dependent signalling path- 
ways, but the function of PMDRI has not yet been 
reported; the authors tentatively propose a role in 
tuberisation, based on high levels of expression in 
stolon tips [69]. A P-gp homologue has also been 
cloned from barley, using a semi-nested degenerate 
PGR approach [70]. Two PGR products with homol- 
ogy to ABC transporters (HvMDRJ and 2) were 
originally identified, and a full-length cDNA isolated 
for HvMDRl. Examination of the nucleotide se- 
quence indicates that HvMDRl represents a separate 
putative ABG transporter, and is not a fragment of 



HvMDR2. The predicted amino acid sequence of 
HvMDRl is 43%) identical to both At PGP I and 2, 
and 38%) identical to human MDRJ, suggesting that 
it is a novel P-gp homologue from plants. HvMDR2 
is expressed at very low levels in roots and shoots, 
and Southern analysis of different barley cultivars 
suggests that there is a small family of related genes 
in this species, with some polymorphism between 
cultivars. The function of HvMDRl has not yet 
been determined. 

Comparison of these plant P-gp homologues re- 
veals many similarities to other MDR genes: in pri- 
mary sequence, predicted topology and domain or- 
ganisation. However, the proteins encoded by the 
plant genes are significantly smaller than their mam- 
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malian counterparts: between 134 and 144 kDa, 
compared with 170-180 kDa for human P-gp [1], 
and whilst all plant P-gp homologues isolated to 
date have potential sites for N-linked glycosylation, 
none of these correspond to the glycosylation site of 
human P-gp in the first predicted extracellular loop 
[13,69,70], Whether the plant transporters are glyco- 
sylated remains to be determined experimentally. 

5.2. Functions of MDR homologues 

The first and, to date, only, functional character- 
isation of a plant P-gp was achieved with transgenic 
plants. In this study, Dudler and coworkers manip- 
ulated the expression of AtPGPl in transgenic Ara- 
bidopsis plants using sense and antisense constructs, 
and their results demonstrated the involvement of 
AtPGPl in hypocotyl cell elongation in the light 
[68]. The authors propose that AtPGPl is involved 
in the export of a signal compound, possibly a pep- 
tide hormone, from the shoot apical region. In agree- 
ment with this hypothesis, expression of AtPGPl was 
analysed using reporter gene constructs and in situ 
hybridisation, and found to be located in apical re- 
gions of shoots and roots. Overexpression of 
AtPGPl in transgenic plants facilitated its subcellular 
localisation: c-myc tagged protein was visualised in 
the plasma membrane using immunofluorescence 
confocal microscopy, and results were confirmed by 
Western blotting of membrane fractions. A plasma 
membrane location for AtPGPl is also consistent 
with a signalling/export role. 

Since it is clear that plants have at least a small 
gene family of MDR-like transporters, the question 
of whether they perform functions analogous to 
those of homologues in other organisms arises. De- 
termining the function of cloned ABC transporters is 
problematic: where available, full-length cDNAs can 
be expressed in heterologous systems, such as the 
yeast S. cerevisiae, but without additional informa- 
tion to guide experiments, systematically testing the 
list of possible substrates is prohibitive. Examination 
of the ABC transporter literature suggests a range of 
putative functions: for example, yeast STE 6 trans- 
ports peptides [18], mammalian MDR2 functions as 
a phospholipid translocator [48,49], and P-gp/MDRl 
exports cytotoxic drugs from the cells and acts as a 
channel regulator [92] - all these are plausible func- 



tions for P-gp homologues in plants. Moreover, the 
fact that plant secondary products such as vincristine 
and taxol are often substrates for, or inhibitors of, 
MDR proteins suggests a role of plant P-gp in syn- 
thesis and compartmentation of these compounds. It 
is not possible to predict substrate based on primary 
structure/sequence homology: the products of even 
closely related genes can have markedly diflferent 
functions [1] and site-directed mutagenesis of many 
types of transport protein has shown that single ami- 
no acid changes can radically alter substrate specific- 
ity. Therefore, for transporters isolated without refer- 
ence to their function, other approaches are needed: 
for example, a transgenic strategy first successfully 
identified the function of murine MDR2. Here, plant 
scientists have the advantage that generation of 
transgenic plants is relatively straightforward in 
many species, and the opportunity for generating 
tagged mutants exists for model plants such as Ara- 
bidopsis, petunia and maize [93]. However, pheno- 
types of antisense plants may not be immediately 
obvious, and may only be evident under specific con- 
ditions, such as stress, or at specific developmental 
stages. 

6. MRP subfamily 

Whilst the first higher plant ABC transporter to be 
cloned was a member of the MDR subfamily, inves- 
tigations of the role of vacuolar transport in xeno- 
biotic detoxification, together with important insights 
from ABC transporters implicated in heavy metal 
transport and drug resistance have led to the identi- 
fication and characterisation of plant members of the 
MRP subclass [5]. Progress in characterising the roles 
of MRP in plants has been rapid, since the isolation 
of MRP genes has explained and extended results 
from detailed biochemical studies. 

6.1. Detoxification: biochemical studies 

The detoxification of lipophilic xenobiotics such as 
herbicides is a multistage process, commonly com- 
prising activation (phase I), conjugation (phase II) 
and compartmentalisation (phase III) of a toxic com- 
pound [94,95]. Phases I and II are relatively well 
characterised in plants: activation may involve hy- 
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drolysis by esterases or amidases, but more com- 
monly is an oxidation reaction catalysed by a cyto- 
chrome P-450 [95]. Often these reactions result in 
products of increased toxicity, but they serve to gen- 
erate functional groups for the protective conjuga- 
tion reactions of phase II. In phase II, the xenobiotic 
or its activated metabolite is covalently linked by a 
transferase enzyme to an endogenous, hydrophilic 
substance: glucose, glutathione or malonate in 
plants, and glutathione, glucuronate or sulphate in 
animals. These inactive, water-soluble conjugates 
are then transported from the cytoplasm in phase 
III. In animals, conjugates are excreted from the 
cell across the PM by a specific ATPase [96-98], 
but in plants, which have no excretion system, they 
are thought to be deposited in the vacuole, and may 
be further metabolised, eventually appearing as 
'bound residues' in the extracellular matrix [99]. 

In 1993, Martinoia and coworkers demonstrated 
that intact vacuoles isolated from barley mesophyll 
mediated MgATP-dependent accumulation of gluta- 
thione conjugates [90]. Both the model substrate, A^- 
ethylmaleimide-GS (NEM-GS) and a glutathione 
conjugate of the herbicide, metolachlor (metola- 
chlor-GS) were investigated. Uptake was driven by 
MgATP, but not by non-hydrolysable ATP ana- 
logues, or by PPi. Transport of NEM-GS and meto- 
lachlor-GS was sensitive to vanadate, but unaffected 
by inhibitors of the vacuolar H"^ -ATPase, and chem- 
icals which collapse the tonoplast proton gradient, 
indicating that uptake of glutathione conjugates 
into the vacuole is mediated by a specific ATPase, 
and not by a secondary active process. Oxidised glu- 
tathione (GSSG) was also shown to be a substrate 
for this transporter, whereas reduced glutathione 
(GSH) was not [100]. The characteristics of this ac- 
tivity were strikingly similar to the ATPase in the 
canalicular membrane of liver, which exports gluta- 
thione conjugates and GSSH into the extracellular 
medium [101], and this important finding provided 
the first experimental evidence for the identity and 
location of the phase III transport step in plants. 

Subsequently, confirmation of this phenomenon 
was obtained for other systems: Rea and co-workers 
demonstrated MgATP-energised transport of the 
model conjugate dinitrophenol-GS (DNP-GS) by va- 
cuolar membrane vesicles from Arabldopsis, beet, 
maize and mung bean [102]. Interestingly, they also 



reported the partial sensitivity of DNP-GS transport 
activity to P-glycoprotein inhibitors, vinblastine and 
verapamil [102], in contradiction to Blake-Kalff* and 
Coleman, who did not detect any notable eflect of 
these compounds on NEM-GS uptake into barley 
vacuoles [103]. 

Thus, a substantial body of evidence suggested the 
participation of a glutathione conjugate (GS-X) 
transporter in the detoxification of xenobiotics. Evi- 
dence for vacuolar accumulation and further process- 
ing of herbicide-GS conjugates was obtained by Wolf 
et al., who demonstrated rapid accumulation of 
alachlor-GS in barley vacuoles, and characterised 
a carboxypeptidase which catalyses the first step 
in conjugate degradation [104]. Operation of the 
detoxification pathway in vivo, from conjugation to 
vacuolar sequestration, was elegantly confirmed by 
Coleman et al. using a monochlorobimane-based 
fluorescent assay in whole maize and carrot cells 
[105]. Further evidence that GS-X transport is part 
of an integrated detoxification pathway came from 
studies with herbicide safeners and xenobiotics. Safe- 
ners are a group of chemically diverse compounds 
which increase the tolerance of monocot crops to 
specific herbicides [106]. Gaillard et al. found that 
the cereal safener, cloquintocet mexyl, doubled the 
vacuolar transport activity for both glutathione and 
glucoside conjugates of herbicides in barley [107]; 
glutathione ^-transferase (GST) activity was also 
increased by the treatment. Similarly, Li et al. 
found that pretreatment of mung bean seedlings 
with model GST substrate, l-chloro-2,4-dinitroben- 
zene, increased the activity of DNP-GS transport in 
tonoplast vesicles [108], In both studies, application 
of the exogenous compound increased the Vmax, but 
did not affect the K^, suggesting that the higher ac- 
tivity was due to increased expression of the trans- 
porter and not altered affinity for substrate [107,108]. 

6.2. Molecular cloning of GS-X transporters 

The seminal paper of Martinoia and the reports 
that followed from the groups of Rea and Coleman 
provided strong evidence for an MRP homologue as 
the candidate gene encoding the plant vacuolar glu- 
tathione conjugate transporter [90,102,103,108]. 
MRP was originally isolated from a drug resistant 
small cell lung cancer line [10], and a related gene, 
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the canalicular multispecific organic anion transport- 
er, cMOAT, has since been identified [109]. Biochem- 
ical studies with membrane vesicles suggest that an 
export ATPase for glutathione conjugates resides at 
the plasma membrane of several mammalian cell 
types [101], and functional studies demonstrate that 
MRPl [51,52] and cMOAT [97,109] are responsible 
for these activities. Moreover, the yeast cadmium 
factor, YCf], an MRP homologue isolated by its 
ability to mediate cadmium resistance [59], was 
shown to be a vacuolar glutathione 5-conjugate 
pump [60], Functional complementation of a ycfl 
mutant with human MRPl lent further support to 
the importance of this ABC subclass in GS-X trans- 
port [110], 

Thus began the search for MRP homologues in 
plants. Several Arabidopsis expressed sequence tags 
(ESTs) were identified as putative MRP homologues 
[73,95], and Tommasini et al. demonstrated that 
transcripts corresponding to certain MRP-Wkt ESTs 
were up-regulated in response to xenobiotic treat- 
ment, in agreement with a probable role in detoxifi- 
cation [73]. The genes corresponding to these ESTs 
have now been cloned: At MRP J and 2 as both full- 
length genomic and cDNA clones [12,71,72], and 
At MRP 3 and 4 as cDNA and genomic clones respec- 
tively [73-75]. Identification of the yeast MRP homo- 
logue, YCFl, as a GS-X pump, and the availabihty 
of a ycfl deletion mutant DTY167, provided the in- 
tellectual basis and genetic background for the het- 
erologous expression of plant MRP homologues, and 
hence AtMRP 1-3 were characterised in yeast. All 
three genes encode glutathione conjugate transport- 
ers, with similar characteristics to GS-X uptake ac- 
tivities previously studied in tonoplast vesicles and 
isolated vacuoles [12,71,74]. There are significant dif- 
ferences between the isoforms, for example: the over- 
all GS-X transport capacity of AtMRP2 greatly ex- 
ceeds that of AtMRP 1 [71], and AtMRP3, but not 
AtMRP 1 or AtMRP2, was able to alleviate the Cd^*^ 
sensitivity of ycfl [71,74]. YCFl has been shown to 
mediate Cd^"^ resistance by vacuolar sequestration of 
(Cd.GS)? [61], but human MRPl, which also rescues 
the ycfl mutant, does not [110]. It is not currently 
clear whether AtMRP3 is competent in (Cd.GS)2 
transport [5,74]. 

Recently, a further Arabidopsis MRP homologue 
{AtMRPS) was cloned, and also shown to encode a 



glutathione conjugate transporter ([76]; N. Gaedeke, 
B. Muller-Rober, pers. comm.). A partial MRP ho- 
mologue (TaMRPl) has also been isolated from 
wheat, in a screen for herbicide safener-induced 
genes [77]. The wheat gene bears closest sequence 
similarity to AtMRP4, which is consistent with the 
finding that AtMRP4 also exhibits a transcriptional 
response to herbicide safeners [75]. AtMRP4 and 
TaMRPl have yet to be characterised functionally. 

63. Other substrates for MRP? 

The ability of MRP to transport glutathione con- 
jugates and the inducibility of MRP isoforms by her- 
bicide safeners argues strongly for a role in herbicide 
metabolism. However, the application of herbicides 
is a recent event in evolutionary history [111], and 
therefore postdates the emergence of MRP, which 
appears to have evolved prior to the divergence of 
plants and animals. Since Arabidopsis has a small 
family of MRP genes encoding transporters with dif- 
ferent kinetic properties, this raises the question of 
alternative/ancestral functions for MRP in plants. All 
plant MRPs characterised to date mediate GS-X 
transport, but few natural glutathionylated com- 
pounds have been demonstrated convincingly in 
plants. This may reflect low steady-state levels, due 
to further processing of glutathione conjugates once 
they have been sequestered in the vacuole: a vacuo- 
lar carboxypeptidase which cleaves the glycine resi- 
due from metolachlor-GS has been characterised 
[104], and further steps leading to the deposition of 
bound residues can be postulated [95,99]. However, 
an alternative explanation is that non-glutathiony- 
lated compounds also serve as MRP substrates. 
This is indeed the case for human MRP isoforms: 
substrates for cMOAT include bile acids [112], glu- 
curonides [113] and unconjugated organic acids [1 14], 
and MRPl transports glucuronate and sulphate con- 
jugates in addition to glutathione conjugates [113, 
115]. Similarly, a number of vacuolar transport ac- 
tivities which may be attributable to MRP have re- 
cently been characterised, and are summarised be- 
low. 

6.3.1. Chlorophyll catabolites 

During leaf senescence, the porphyrin moiety of 
chlorophyll is cleaved into linear tetrapyrroles, which 
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are eventually deposited in the vacuoles of mesophyll 
cells [116]. ATP-dependent uptake of these chloro- 
phyll breakdown products into isolated barley vacu- 
oles has been demonstrated by Hinder et ah, and 
showed striking similarities with GS-X transport 
[117]. Following cDNA cloning of Arabidopsis 
MRP genes, yeast expression studies showed that 
AtMRP2 and 3 transport not only GS-X, but also 
chlorophyll catabolites such as ^/7-NCC-l [71,74]. 
Whilst Bn-NCC-X is not glutathionylated, it is con- 
jugated to malonate, and it is possible that malo- 
nylation may also serve to 'tag' compounds for se- 
questration in the vacuole, the action of a 
malonyltransferase playing an analogous role to 
that of glutathione 5-transferases [118]. Competition 
experiments employing isolated vacuoles suggested 
that GS-X and 5/2-NCCl are sequestered by distinct 
transporters, but the heterologous expression experi- 
ments provide unequivocal proof that a single trans- 
porter is competent in the transport of both sub- 
strates. However, AtMRPl is not necessarily an 
orthologue of the barley transporter, since their K^^ 
values for 5/7-NCCl differ by 10-fold [71]. Interest- 
ingly, DNP-GS and ^n-NCCl did not compete for 
uptake when supplied simultaneously to tonoplast 
vesicles from yeast expressing AtMRP2, but were 
accumulated to levels comparable to those observed 
when only a single substrate was supplied. This un- 
usual kinetic observation has important mechanistic 
implications, suggesting the presence of two distinct 
functional domains which operate independently in 
AtMRP2. A model accounting for all the kinetic 
data is developed in [71], and discussed further in 
[5]. It will be informative to determine whether 
dual transport can be reconciled with the flippase 
model proposed for MDR-type transporters. 

6.3.2. Glucosides and glucuronides 

Studies with isolated barley vacuoles indicate that 
different energisation mechanisms drive the uptake of 
flavonoid glucosides and herbicide glucosides [119]. 
The endogenous flavonoid glucoside, isovitexin, was 
taken up via a ApH, V-ATPase dependent mech- 
anism, whereas hydroxyprimisulphuron-glucoside 
was transported by a vanadate-sensitive pump 
[119]. Induction of hydroxyprimisulphuron-glucoside 
transport activity by herbicide safeners [107], and 
induction of AtMRPS by primisulphuron [73] lend 
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further support to the hypothesis that an MRP could 
be implicated in xenobiotic-glucoside transport, 
although inducing compounds do not necessarily 
serve as substrates. Similarly, glucuronides, which 
are generally rare in plants, but are abundant endog- 
enous conjugates in rye, were shown to be trans- 
ported by an MRP-like pump in isolated rye vacu- 
oles [120]. 

6.3.3, Taurocholate 

At the time of the discovery of the glutathione 
conjugate ATPase, a second vacuolar ATP-depen- 
dent anion transporter, which functioned as a taur- 
ocholate pump was identified in liver [121-123], Per- 
haps surprisingly, Hortensteiner et aL were able to 
demonstrate a similar activity in barley vacuoles 
[124]. Since bile acids, such as taurocholate, do not 
occur naturally in plants, the plant taurocholate 
transport activity must represent the operation of a 
transporter with an unknown, probably bulky, 
anionic substrate. As for the transport of glutathione 
conjugates, uptake of cholate conjugates, taurocho- 
late and glycocholate, was ATP-dependent, inhibited 
by vanadate, but not by bafilomycin and could not 
be supported by non-hydrolysable ATP analogues, 
suggesting a primary active process. NEM-GS and 
taurocholate transport could be distinguished by 
their substrate specificity, response to alternative nu- 
cleotides and sensitivity to different inhibitors 
[103,124], and glutathione conjugates stimulated, 
rather than inhibited taurocholate transport [124]. 
It was therefore proposed that taurocholate and 
GS-X transport activities represented distinct trans- 
porters [124]. However, Blake-Kalff and Coleman 
found that taurocholate inhibited the uptake of 
NEM-SG into barley vacuoles [103]. The ability of 
vacuoles to maintain a proton gradient in the pres- 
ence of taurocholate was verified by quinacrine fluo- 
rescence quenching, and taurocholate was supplied at 
a concentration below its critical micelle concentra- 
tion, thereby eliminating inhibition due to detergent 
effects. In accordance with these observations, nei- 
ther AtMRPl nor AtMRP2 transported taurocho- 
late when expressed in yeast, but taurocholate selec- 
tively inhibited DNP-GS uptake by AtMRP2 with an 
IC50 well below its CMC [71]. An important corol- 
lary of this finding, and of the facility of AtMPR2 
for simultaneous, parallel transport (see above) is 
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that competition experiments must be interpreted 
with care where MRP homologues are concerned: 
competition does not imply that the competing com- 
pound is a bona fide substrate and conversely, ab- 
sence of competition does not imply that a com- 
pound is not transported. This makes it difficult to 
assign significance to potentially interesting results of 
competition studies. 

Probenecid is an anion transport inhibitor which 
competitively inhibits taurocholate transport in iso- 
lated vacuoles [103], and has also been reported to 
block vacuolar transport of anionic fluorescent dyes 
such as fura 2, Quin-2 and Lucifer yellow [125-128]. 
Lucifer yellow has been employed as a model sub- 
strate to study uptake of sulphated and sulphonated 
compounds into isolated rye by Klein et al. who 
demonstrated that transport was mediated by a 
MOAT-like ATPase, and was inhibited by probene- 
cid, sulphated compounds and glucuronates, but not 
by glutathione conjugates [129]. Whether or not fluo- 
rescent dyes represent exogenous substrates for the 
taurocholate transporter, or for another vacuolar 
transport system, will only be confirmed by the iso- 
lation and functional expression of the relevant gene 
or the isolation of transport mutants. Fluorescent 
dyes are commonly used for probe cellular parame- 
ters such as intracellular free Ca^*^ (fura 2, Quin-2) 
and pH (BCECF), and their eventual vacuolar se- 
questration is a significant hindrance to their use in 
plant cells [125,126,130]. Identification of the appro- 
priate transporter gene(s) may lead to the construc- 
tion of transgenic plants with reduced vacuolar accu- 
mulation of fluorescent probes. 

Whilst the precise molecular nature of the plant 
taurocholate transporter remains unknown, other 
systems provide clues to its possible identity. Taur- 
ocholate transport has been demonstrated in secre- 
tory vesicles and a vacuole-enriched fraction of S. 
cerevisiae; the same populations of vesicles were 
also competent in the transport of DNP-GS, but 
the two substrates did not compete [131,132]. Since, 
as in plants, the characteristics of taurocholate trans- 
port suggested that it might be encoded by an MRP 
homologue, and yeast has several such genes, Ortiz et 
al. attempted to identify a taurocholate transporter 
genetically, by creating yeast deletion mutants lack- 
ing ABC transporters. Three candidate genes were 
identified by PCR, and ATP-dependent bile acid 



transport was abolished when one of the genes, 
BATJ, was deleted from the genome, and restored 
upon reintroduction of the gene [132]. RATI exhib- 
ited homology to S. cerevisiae putative ABC proteins 
of unknown function, to rat cMOAT, and human 
MRPl. Strict BATJ homologues have not yet been 
identified in plants, but the finding that rat cMOAT, 
which shares only 32% amino acid identity with 
BATl, is able to transport bile acids [112], suggests 
that there may not necessarily be a great deal of se- 
quence homology between bile acid transporters. In 
agreement with this suggestion, the human gene re- 
sponsible for taurocholate transport, BSEP (bile salt 
export pump), has been identified by its role in dis- 
ease and found to be identical to a P-gp homologue, 
sister of P-glycoprotein [133]. Thus, it appears that 
ABC transporters belonging to two different subfa- 
milies are competent in bile acid transport. 

6.3.4. Secondary products 

The Bronze-2 {bz2) mutation is the last genetically 
defined step in anthocyanin pigmentation in maize, 
resulting in accumulation of anthocyanins in the cy- 
toplasm, where they are oxidised and cross-linked to 
form brown products. Bz2 encodes a GST, which has 
been postulated to tag cyanidin-3-glucoside with glu- 
tathione, prior to sequestration by the GS-X pump 
[134]. In agreement with this hypothesis, the bz2 phe- 
notype can be mimicked by application of vanadate 
to wild-type protoplasts [134], and AtMRPl and 2 
have been proposed to transport a synthetic gluta- 
thionylated derivative of the anthocyanin cyanidin-3- 
glucoside [12,71]. A divergent, but functionally 
equivalent GST, An9, has been isolated from Petu- 
nia, suggesting widespread involvement of GST in 
anthocyanin pigmentation [135]. However, the pre- 
cise role of Bz2 is unclear, since glutathione conju- 
gates of anthocyanins have not yet been detected in 
vivo, and conjugation of glutathione to cyanidin-3- 
glucoside by Bz 2 has not been demonstrated. Alter- 
native pathways for the vacuolar sequestration of 
anthocyanins have also been proposed: Hopp and 
Seitz demonstrated uptake of acylated anthocyanins 
into isolated carrot vacuoles [136] and a vesicular 
transport system for anthocyanins has been de- 
scribed by Grotewold et al. ([137], and refs. therein). 

Other possible endogenous MRP substrates are 
allelochemicals such as phenolics and phytoalexins 
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[5,138]. The legume phytoalexin, medicarpin, when 
glutathionylated, has been shown to be transported 
into tonoplast vesicles with high efficiency [138]. Li et 
al. have therefore proposed a role for MRP in stor- 
age of antimicrobial compounds in healthy plant tis- 
sue [138]. Interestingly, an ABC transporter from 
pathogenic strains of rice blast fungus is postulated 
to efflux phytoalexins; however, the gene {ABC J) is 
more closely related to the yeast ABC transporter 
PDR5, than MRP [139]. 

6.4, Antiquity of GSH-mediated detoxification 

The evidence for secondary metabolites as MRP 
substrates should not detract from a Ukely primary 
role for MRP in detoxification: whilst plants have 
been systematically exposed to man-made chemicals 
such as herbicides for the last 100 years only [111], 
the need to protect against cytotoxic electrophiles is 
ancient [95]. The occurrence of glutathione in all eu- 
karyotes and its restriction in prokaryotes to cyano- 
bacteria and purple bacteria suggest that it arose at 
the same time as oxygenic photosynthesis, as part of 
a mechanism to protect cells from damage by active 
oxygen species. Transport of oxidised glutathione 
(GSSG - a special form of glutathione conjugate) 
by GS-X pumps may thus function in defence 
against oxidative stress. 

Many biotic and abiotic compounds are suscepti- 
ble to conjugation to glutathione, since the chemical 
determinants of GST substrates are common and 
widely distributed (for discussions, see [95,140,141]), 
and it seems that the subsequent evolution of gene 
products involved in detoxification such as GSTs and 
GS-X pumps to perform additional functions is a 
consequence of the versatility of glutathione chemis- 
try. 

6.5, Tissue specificity and subcellular location 

Northern analysis reveals that AtMRPJ, 2 and 3 
do not appear to have restricted distributions, being 
constitutively expressed in several tissues [12,71, 
72,74]; expression does, however, increase in re- 
sponse to xenobiotic treatments [73,75,107]. Since 
plant MRPs accept multiple substrates, it will be in- 
formative to investigate whether a particular isoform 
performs different functions in different tissues or 



whether roles are also delineated by cell specific ex- 
pression. It is already evident that certain functions 
of MRP are restricted to specific cell types, for ex- 
ample: in leaves, transport of chlorophyll catabolites 
is specific to the mesophyll, since the epidermis does 
not contain chloroplasts. However, the MRP respon- 
sible for chlorophyll catabolite transport may also be 
present in epidermis where it performs a different 
function, such as glutathione conjugate transport. 
Evidence for this is limited, as biochemical studies 
have concentrated on mesophyll vacuoles and tono- 
plast vesicles from whole organs; however, using leaf 
protoplasts, Coleman and coworkers observed that, 
whilst glutathione conjugates of monochlorobimane 
were formed in the cytosol of barley epidermal cells, 
they did not accumulate in the vacuole [95,142]. This 
may also reflect different substrate specificities of ep- 
idermal and mesophyll transporters, or may indicate 
that an appropriate isoform of MRP is absent from 
the tonoplast in epidermal cells. Experimental evi- 
dence to date strongly suggests the tonoplast as the 
prime location for MRP, but this does not rule out 
the existence of MRP isoforms in other subcellular 
locations. 

Studies of plasma membrane GS-X transport (e.g. 
using inside-out plasma membrane vesicles) have not 
yet been reported, but recent immunological evidence 
points to a plasma membrane location for certain 
isoforms of MRP. An expression hbrary was 
screened with polyclonal antibodies raised against 
total proteins from Arabidopsis plasma membrane 
and tonoplast, and the positive clones were used to 
construct two cDNA libraries enriched in genes en- 
coding plasma membrane and tonoplast proteins re- 
spectively [143]. Sequence analysis of the plasma 
membrane library identified a clone 100% homolo- 
gous to AtMRPL Whilst this result does not neces- 
sarily indicate that AtMRPl itself resides in the plas- 
ma membrane, it suggests that Arabidopsis does 
possess plasma membrane proteins which are anti- 
genically related to AtMRPl, Testing of this hypoth- 
esis awaits the availability of isoform-specific anti- 
bodies, or plants transformed with epitope tagged 
constructs, as has been achieved for AtPGPI [68]. 

6.6. Special features of MRP 

To date, cloning of plant representatives of one 
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ABC subclass - MRP - has accounted for several 
vacuolar transport activities: MRP isoforms have 
been shown to transport chlorophyll catabolites, 
and glutathione conjugates of xenobiotics, anthocya- 
nins and phytoalexins. For other substrates, such as 
glucosides, involvement of an MRP is suspected, but 
definitive proof will require molecular cloning of the 
corresponding genes or analysis of mutants. The 
multispecific nature of MRP, and its unique ability 
to transport dissimilar substrates simultaneously 
have been significant discoveries: interestingly, unlike 
MDR, which can transport many substrates, but at 
relatively low affinity, values for putative MRP 
substrates are all in the micromolar range [5]. Studies 
of how these properties are related to the specific 
structural features of MRP will form the basis for 
future investigations. 

7. The search for channel regulators 

The majority of ABC proteins characterised to 
date function as ATP-dependent pumps. However, 
the finding that the product of the cystic fibrosis 
gene is not only a chloride channel, but also a regu- 
lator of several other ion channels, opened up a new 
field of ABC transporter research, and challenged 
conventional views on the distinction between chan- 
nels and pumps [92]. It was subsequently demon- 
strated that several other ABC proteins such as P- 
glycoprotein and the sulphonylurea receptor (SUR) 
regulate heterologous channels in addition to pos- 
sessing their own intrinsic transporter activities [92], 
and evidence for similar phenomena has recently 
been sought in plants. 

7.1, SUR and CFTR 

The cystic fibrosis gene of animals encodes an 
ABC transporter with homology to MRP, but which 
functions as an outwardly rectifying CI" channel - 
the cystic fibrosis transmembrane conductance regu- 
lator (CFTR [144]). CFTR is regulated by cAMP- 
dependent phosphorylation and by ATP [144,145] 
and is inhibited by diphenylamine-2-carboxylic acid 
(DPC) [146]. CFTR itself regulates other channels in 
cystic fibrosis cells, including a second, distinct, out- 
wardly rectifying CI" channel, [147], a Ca^+-acti- 



vated chloride channel [148], a sodium channel 
[149] and inwardly rectifying K*^ channels [150-152]. 

Sulphonylureas are drugs used to treat non-insu- 
lin-dependent diabetes: sulphonylurea blockade of 
an ATP-sensitive K"^ channel (K-ATP) in pancreatic 
P cells modulates insulin release. The sulphonylurea 
receptor (SUR) has been cloned and found to be an 
ABC transporter [8], which associates with an in- 
wardly rectifying K"^ channel to render it sensitive 
to sulphonylureas and to form an ATP-sensitive 
K"^ channel [153]. SUR is also a receptor for K"^ 
channel openers, e.g. chromakalim, which can re- 
verse the inhibitory effect of sulphonylureas [154]. 
Interestingly, CFTR is also blocked by the sulpho- 
nylurea glibenclamide [155,156]. 

Attempts have been made to clone CFTR and 
SUR homologues from Arabidopsis; however, the 
genes cloned by screening libraries with appropriate 
ESTs exhibited greater overall identity to MRP than 
CFTR or SUR and have been shown to be gluta- 
thione conjugate transporters (see above; [76]; C. 
Forestier, pers. comm.). These transporters may 
nevertheless have a second function, as MRP has 
been shown to alter CI" and currents in some 
mammalian cell types [157], and a recently isolated 
ABC channel protein, the epithelial basolateral 
cAMP-regulated Cl~ channel conductance regulator 
(EBCR), exhibits greater homology to MRP iso- 
forms than to CFTR [158]. 

Electrophysiological approaches to study plant 
ABC transporter/channel relations have proved 
more informative: guard cells possess a number of 
well-characterised channel activities implicated in 
stomatal movements [159], some of which may rep- 
resent ABC transporters: for example, anion chan- 
nels have been proposed to be CFTR homologues 
[160,161]. Thus they comprise an excellent model sys- 
tem to study ABC transporter/channel interactions in 
plants [162]. 

Forestier and coworkers have exploited the specific 
pharmacological profile of K-ATP and CFTR to 
probe possible analogous systems in stomatal guard 
cells. In one study, the effect of sulphonylureas and 
K"^ channel openers on guard cell K"^ channels was 
investigated [162]. The sulphonylureas, tolbutamide 
and glibenclamide induced stomatal opening in epi- 
dermal strip bioassays, and in whole cell patch clamp 
experiments, glibenclamide was found to inhibit the 
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outward K"^ current, but did not affect the inward 
K"^ current. Conversely, K*^ channel openers such as 
chromakalim triggered stomatal closure under light 
and prevented stomatal opening, suggesting that K"^ 
permeability through the outward K*^ channel could 
be increased. Sulphonylureas and K"^ channel open- 
ers competed in the epidermal strip bioassays, and 
taken together, the results suggest the presence of a 
SUR-like protein in guard cell plasma membrane, 
which is involved in the regulation of the outward 
K"*" channel during stomatal movements. The exper- 
imental conditions employed did not permit unequiv- 
ocal identification of an ATP-dependent channel, 
since ATP was present in pipette solutions, and in a 
previous study, the guard cell outward K"^ channel 
was not found to be ATP dependent [163]. Further 
investigation of the presence of K-ATP in guard cells 
awaits the molecular characterisation of the K"*" out- 
ward rectifier from guard cells. A potassium outward 
rectifier (KCOI) has been cloned from Arabidopsis, 
where it is expressed in leaves [164]. This gene be- 
longs not to the ABC superfamily, but to a new 
group of 'two-pore' K"^ channels [164] - it would 
be interesting to test whether KCOI interacts with 
ABC transporters to yield an ATP-dependent K"^ 
channel. A Shaker-type outward rectifying K*^ chan- 
nel gene, SKOR, has also been isolated from plants, 
but its expression is specific to the root stele [165]. 
When making comparisons between ABC/K"^ chan- 
nel interactions in plant and animal systems, it 
should be noted that the K+ channel induced by 
SUR in mammalian cells is an inward rectifier [153] 
and belongs to a different gene family to KCOJ [164]. 
A potassium inward rectifier has been shown to play 
a critical role in stomatal opening [166], and Shaker- 
type Arabidopsis and potato genes encoding K*^ in- 
ward rectifiers are indeed expressed in guard cells 
[167,168]. Although the K"^ inward rectifier was not 
affected by sulphonylureas in the experiments of 
Leonhardt et al. [162], the question of whether this 
channel is modulated by ABC transporters remains 
open. 

In guard cells, slow anion channels are activated 
by Ca-"^, and are thought to mediate the prolonged 
anion efflux necessary for stomatal closure [169,170]. 
Again, using whole-cell patch clamp experiments and 
epidermal strip bioassays, Leonhardt et al. studied 
the effect of ABC/channel modulators on the slow 



93 

anion channel [171], CFTR blockers glibenclamide 
and DPC were found to inhibit the slow anion cur- 
rent, and triggered stomatal opening in darkness. 
The potassium channel opener, chromakalim, sup- 
pressed glibenclamide-induced stomatal opening, 
and recovered the glibenclamide-inhibited slow anion 
current. Glibenclamide prevented stomatal closure 
triggered by Ca^"^ and ABA, and, accordingly, 
ABA partially relieved glibenclamide inhibition of 
the slow anion current, suggesting interactions with 
Ca-"*" and ABA signalling cascades. Overall, the re- 
sults of the two guard cell studies confirm that the 
guard cell slow anion channel is similar to CFTR, 
and suggest that it mediates sulphonylurea block of 
the outward K"^ channel. This interaction may allow 
coordinated efflux of K"*" and anions during stomatal 
closure, and is analogous to the interaction between 
mammalian CFTR and Na"^ channels [92]. 

7.2. P'gp channel activity 

In addition to its role as an ATP-dependent drug 
efflux pump, mammalian P-glycoprotein has been 
shown to be associated with a volume-activated chlo- 
ride channel [172,173]. P-gp alters the sensitivity of 
channel activation to osmotic gradients and can im- 
pose protein kinase C dependency on channel activa- 
tion. Three lines of evidence confirm that channel 
regulator and drug transport functions are distinct 
activities: requirements for ATP hydrolysis (drug 
transport requires ATP hydrolysis, whilst channel 
function can be supported by non-hydrolysable ana- 
logues [173]), pharmacology [174] and differential 
regulation by phosphorylation: proteiii kinase C- 
mediated phosphorylation regulates channel activity, 
but not drug transport [175,176]. No channel regu- 
lating activity has yet been ascribed to P-gp plant 
homologues. 

7.5. Prospects for plants 

Given the presence of P-gp and MRP transporters 
in plants, it is possible that some of these ABC pro- 
teins interact with ion channels, as has been demon- 
strated in mammalian systems. Despite a growing 
body of pharmacological evidence for ABC/channel 
interactions in guard cells [162,171], no cloned plant 
ABC transporter has yet been shown to exhibit chan- 
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nel or channel regulator activity. Several groups are 
currently investigating this possibility by expressing 
ABC transporters in heterologous expression systems 
such as Xenopus oocytes. However, since effects of 
ABC transporters on channel activity can be quite 
subtle, e.g. increased sensitivity to ATP, as opposed 
to activation/deactivation, channel-transporter inter- 
actions may prove difficult to detect in heterologous 
systems, without clues from other experiments to the 
identity of the channel activity in question. Also, not 
all ABC proteins are expected to have dual func- 
tions: in view of the size and diversity of the super- 
family, this would clearly be deleterious for the cell 
[1]. Thus, the extent of this phenomenon remains to 
be determined, both in mammalian and plant sys- 
tems, and an unequivocal estimation will be hard 
to achieve. Application of techniques such as two 
hybrid systems, 'green Westerns', and coexpression 
of libraries with cloned genes in heterologous systems 
has already helped to identify proteins which interact 
with various membrane transporters - development 
and use of these techniques to study ABC transport- 
ers may lead to progress in the field of channel reg- 
ulation in the future. 



8. PDR5 subfamily 

Whilst several plant ABC transporters have been 
cloned by homology to genes from yeast and hu- 
mans, or following their identification in genome se- 
quencing projects, differential screening studies of 
two developmental processes have led to the identi- 
fication of a new class of plant ABC transporter 
homologues. In the aquatic plant, Spirodela polyrrhi- 
za, formation of dormant buds, termed turions, is 
induced by ABA treatment and low temperature, 
and the effect of ABA is antagonised by cytokinins 
[177,178]. In a screen for transcripts induced by 
ABA, Smart and Fleming isolated a homologue of 
the yeast drug resistance gene: PDR5 [78]. PDR5 is a 
'mirror image' four-domain ABC protein, which me- 
diates plasma membrane efllux of numerous unre- 
lated toxins in yeast ([23]; see above). The plant ho- 
mologue, TUR2, was expressed at very low levels in 
untreated tissue, but expression appeared to be cor- 
related to factors involved in the control of turion 
formation, since transcripts were induced by ABA 



and repressed by kinetin. However, in situ analysis 
revealed that TUR2 mRNA accumulated in all parts 
of the plant, not just in those involved in turion 
formation, and could also be induced by stress treat- 
ments such as low temperature and high salt. The 
authors concluded that the accumulation of TUR2 
transcripts was associated with the decrease in 
growth which accompanies turion formation, rather 
than a causal event. 

Similarly, a study of changes in gene expression 
during the onset of somatic embryogenesis led to 
the identification a SNQ2 homologue in alfalfa [79]. 
SNQ2 is a plasma membrane-bound ABC transport- 
er, which is closely related to PDR5, and also medi- 
ates drug resistance in yeast [24,25]. The alfalfa 
SNQ2 homologue was expressed 10 days after induc- 
tion of embryogenesis by 2,4-D and wounding; it 
would therefore be interesting to investigate further 
the response of this gene to stress and hormones, in 
the light of the expression patterns of TUR2 [78]. 

At present, the role of the PDR5 subfamily in 
plants is not known. The regulation of TUR2 and 
alfalfa SNQ2 by plant hormones is an interesting 
feature, since yeast SNQ2 has been shown to trans- 
port steroid hormones in addition to cytotoxins 
[179]. However, it is premature to suggest similar 
roles for the plant transporters. Homologues of 
TUR2 have been identified in the Arabidopsis and 
rice EST databases, indicating their widespread pres- 
ence in higher plants, and permitting detailed molec- 
ular analysis, which may help elucidate their precise 
roles in physiology ([78]; C. Smart, pers. comm.). 

9. Organelle ABC transporters 

9.1. Chloroplast 

Genome sequencing projects have led to the dis- 
covery of several putative organellar ABC transport- 
ers; indeed, the first plant ABC gene to be identified 
was a 1.1 kb reading frame, mbpX, in the Marchantia 
chloroplast genome [86,87]. MbpX encodes a bacte- 
rial permease-like membrane-spanning subunit, and 
a candidate for another component of a putative 
complex containing the mbpX product is encoded 
in a second, hnked reading frame, mbpY [88]. Read- 
ing frames encoding ATP binding subunits have also 
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been identified in the plastid genomes of red algae 
[84,85] and diatoms [27]. Not all organellar genes are 
transcribed, but immunoprecipitation studies indi- 
cated that the diatom protein, YCF16, is synthesised 
in plastids and located in the stroma [27]. Analysis of 
sequenced chloroplast genome of higher plants has 
not revealed the presence of mbpX or ycfl6 homo- 
logues, suggesting either that the proteins encoded by 
these genes are not required in higher plants, or that 
they have been transferred to the nuclear genome 
during the course of evolution [27]. Such 'migration' 
of sequences from organellar genomes to the nucleus 
is well documented [180], and thus the latter explan- 
ation is plausible. 

9.2. Mitochondria 

ABC transporter subunit genes implicated in the 
biogenesis of cytochrome c have recently been iden- 
tified in higher plant mitochondrial genomes. Cyto- 
chromes c are located outside the cytoplasmic mem- 
brane of bacteria, in the intermembrane space of 
mitochondria, and in the lumen in chloroplasts and 
their assembly therefore requires transmembrane 
transport of haem [181]. The photosynthetic bacte- 
rium Rhodobacter capsulatus has been employed as a 
model organism to study cytochrome c biosynthesis, 
and helABC genes encoding components of an ABC 
transporter necessary for haem export and ligation 
have been characterised in detail [182]. As Rhodo- 
bacter is phylogenetically related to endosymbiont 
ancestors, it is perhaps not surprising that ortho- 
logues of the two transmembrane subunits encoded 
by helB and C have been identified in the mitochon- 
drial genome of Marchantia [80]. Orthologues are 
also present in several higher plant species (see Table 
1; [28,29,81-83,183]). However, the gene encoding 
the ATP binding subunit, helA, has not been identi- 
fied in any of the mitochondrial genomes sequenced 
to date, and it has been proposed that this and other 
genes involved in cytochrome biogenesis have been 
transferred to the nucleus [181]. 

9.5, Nuclear-encoded ABC transporters 

Despite the paucity of organellar ABC transporter 
genes, the presence of and requirement for further 
ABC proteins in organelles can be postulated. 



Firstly, preliminary experimental evidence suggests 
that additional ABC transporters exist, for example, 
antibodies raised to conserved regions of P-glycopro- 
tein react positively in immunoblots of chloroplast 
outer envelope membranes [184], Furthermore, 
chloroplast MRP homologues may be implicated in 
chlorophyll degradation. As discussed above, it has 
been shown that AtMRP2 and 3 are capable of me- 
diating transport of the chlorophyll metabolite Bn- 
NCC-1 into the vacuole when expressed in transgenic 
yeast [71,74] and biochemical studies have identified 
an MRP-like 5/7-NCC-l vacuolar transport activity 
in barley [117]. Since chlorophyll breakdown prod- 
ucts must somehow exit the plastid before this can 
take place, a second ABC transporter may also exist 
in the chloroplast envelope. In agreement with this, 
chlorophyll catabolites have been shown to be re- 
leased from intact barley gerontoplasts into the me- 
dium in an ATP-dependent fashion [185]. 

10. ABC transporters in plant-microbe interactions 

In addition to endogenous transporters, a number 
of ABC proteins are relevant to plant biology by 
virtue of their role in symbiotic and pathogenic rela- 
tionships. Rhizobium and Agrobacterium are closely 
related bacteria whose associations with higher 
plants have become important paradigms for study- 
ing plant-microbe interactions: agrobacteria are tu- 
mour-inducing pathogens of dicotyledonous plants, 
and rhizobia are involved in symbiotic nitrogen fix- 
ation in legume root nodules. Such intimate associa- 
tions require the exchange of signals and nutrients 
between plant and microorganism, and by definition 
must involve numerous transport processes. Bio- 
chemical and genetic studies have demonstrated a 
number of ABC transporters in the Rhizobiaceae 
family which operate at different stages of the asso- 
ciation. 

70.7. Agrobacterium 

During Agrobacterium-m^Ax^i^A gall formation, a 
piece of bacterial DN A - the T-DNA - is transferred 
to the plant cell, where it becomes stably integrated 
into the host genome. Components encoded by the 
vir regulon are responsible for this process. Vir genes 
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are induced in response to chemical signals of the 
plant wound site, for example, monosaccharides are 
bound by a periplasmic binding protein, ChvE, 
which then interacts with the membrane-spanning 
VirA molecule of the VirA-VirG sensor-regulator 
pair to activate transcription of the vir regulon. As 
part of this process, ChvE also mediates chemotaxis 
towards sugars, through interaction with an uniden- 
tified receptor. Additionally, analysis of the region 
downstream from the ChvE gene indicates that it is 
also part of an ABC sugar transport operon, thus 
one periplasmic binding protein serves three related 
functions in establishment of the association: signal- 
ling, chemotaxis and sugar uptake [33]. 

Overlap between nutrition and signalling also oc- 
curs later in tumour development: the integrated T- 
DNA directs the synthesis of opines - amino acid 
and sugar derivatives which are produced by the 
plant and taken up and catabolised by the infecting 
bacteria. ABC genes encoding periplasmic transport 
systems for octopine and nopaline have been cloned, 
and found to be homologous to the histidine perme- 
ase of 5. typhimurium [186,187]. In addition to acting 
as nutritional sources, a subclass of opines function 
as signal molecules, and have a specific ABC uptake 
system [188]. 

Interestingly, the induction of tumours by Agro- 
bacterium tumefaciens and the production of nitro- 
gen-fixing nodules by Rhizobiurjt meliloti require a 
related set of genes. Several linked chromosomal 
genes (chvA, chvB, exoC), are required for attach- 
ment of A. tumefaciens to plant cells and have ho- 
mologous, functionally interchangeable counterparts 
{ndvA, ndvB, exoQ in R. meliloti [189]. Mutagenic 
analysis has implicated chvBlndvB in the synthesis 
of a low molecular weight, cyclic P-l,2-glucan re- 
quired for attachment, but mutants of chvA and 
ndvA also fail to produce extracellular polysaccha- 
ride. The chvAtndvA loci have been sequenced and 
found to encode a polypeptide homologous to the 
haemolysin export protein of E. coli, suggesting a 
role in polysaccharide export, and this has been con- 
firmed experimentally [190,191]. 

10,2, Rhizobium 

Further transport parallels between tumour and 



nodule formation also exist: the capacity to utilise 
specific carbon sources and the ability to respond 
to signals are also mediated by ABC transporters 
in rhizobia. One of the first steps in plant- y?/2/zo- 
bium signal exchange is the induction of plasmid- 
borne nod genes by plant-exuded flavonoids or be- 
taines - a phenomenon which requires as yet un- 
identified transporters in both plant and bacterium. 
In light of the ability of flavonoids to act as sub- 
strates for mammalian and yeast ABC transporters, 
it is tempting to speculate that an ABC transporter 
might be responsible for export of flavonoids from 
the root. 

Nod genes are involved in the synthesis of nod 
factors, which trigger the nodulation process. Most 
nod factors are lipochitooligosaccharides, but nodO, 
which is specific to R. leguminosarwn bv. viciae, is a 
protein. Downie and coworkers have demonstrated 
that nodO is transported from the cell by an ABC 
system: nodO could be exported by a strain of E. coll 
carrying the nodO gene, the outer membrane protein 
gene, tolc, plus either the haemolysin transporter 
genes hlyBD, or the protease secretion genes, prtDEF 
from Erwinia chrysanthami [192]. Although nodO ho- 
mologues are not found in other rhizobia, several 
strains were found to have the ability to export 
nodO, which is consistent with the finding that the 
protein transporter genes are unlinked to the nod 
genes, and may represent a general protein transport 
apparatus [192]. Interestingly, three genes encoding a 
ABC transporter with homology to prtDE were re- 
cently isolated from the genome of R, leguminosarwn 
[193]. 

Other Rhizobium loci related to nodulation but not 
involved in nod factor production have been de- 
scribed; some of these act to ensure the survival of 
the bacteria in the rhizosphere, such as the R, meliloti 
locus ndvF which encodes an ABC phosphate uptake 
system, and appears to play a purely nutritional role 
in nodulation [194]. Others may be involved in sig- 
nalling processes between bacteria and plants to es- 
tablish colonisation of the root, for example: in a 
search for Rhizobium tropici genes inducible by host 
exudates, Rosenblueth et al. isolated an ABC trans- 
port complex with homology to ribose transport pro- 
teins, thought to mediate host-specific exudate up- 
take [195]. 
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10.3. Fungal pathogens 

Whilst the role of fungal ABC transporters in drug 
resistance phenomena is well established [55], their 

involvemenl in pathogenic interactions with plants 
is only beginning to emerge. An ABC transporter 
(ABCl) was recently identified in an insertional mu- 
tagenesis screen for pathogenicity mutants of the rice 
blast fungus, Magnaporthe grisea [138]. ABCl is 47% 
identical to the well-characterised yeast ABC trans- 
porter, PDR5, which is known to operate as a drug 
efflux pump [55]. Both ABCl and PDR5 transcript 
levels are dramatically elevated in response to meta- 
bolic poisons, and up-regulation of ABCl was re- 
quired for pathogenicity. However, unlike PDR5, de- 
letions in ABCl did not result in sensitivity to 
metabolic poisons and antifungals, implying a speci- 
alised pathogenic function, rather than a general role 
in drug resistance. Homology to PDR5 suggests that 
ABCl may act to export a fungal toxin during 
pathogenesis, but this seems unlikely since there is 
no evidence for toxin production in rice blast disease, 
and growth of abcl mutants was arrested following 
penetration of the plant, a phenomenon which is not 
observed in Tox minus strains of other fungal patho- 
gens. The authors therefore proposed that ABCl acts 
as an efflux pump to remove antimicrobial com- 
pounds, such as phytoalexins present in rice, and 
may therefore represent a common phenomenon in 
plant pathogenesis. 

10.4. General relevance 

Given the examples described above, it seems ax- 
iomatic that the transport complement of a micro- 
organism can contribute to its symbiotic and sapro- 
phytic competence. These observations can be 
extended to other systems, for example an ABC 
transporter has been shown to play a defensive role 
in protecting laclobacilli from toxins produced by 
hops [196] and an ABC transporter has been impli- 
cated in the Pseudomonas-oWscod rape mutualism 
[197]. 

11. Conclusions and future perspectives 

In the last decade, the existence of several classes 
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of plant ABC transporters has been established. 
Whilst much has been learned already, many ques- 
tions remain: What are the prospects for the identi- 
fication, cloning and characterisation of further 
transporters? What are the roles of those transport- 
ers already isolated? How do the properties of these 
proteins reflect their structure? How are the ABC 
transporters regulated? To what extent is the comple- 
ment of ABC transporters specific to plants? These 
questions and others will help form the background 
of plant ABC transporter research in the future. 

77.7. Cloning and characterisation of plant ABC 
transporters 

Plant ABC transporters have been identified and 
cloned by a variety of means: many have been iden- 
tified as a result of genome sequencing and EST 
projects, a number have been isolated by PCR; oth- 
er, novel clones have emerged in differential screens. 
Many plant ABC transporters will continue to be 
identified as plant genome sequencing projects ap- 
proach completion. Characterisation of these trans- 
porters, for which only sequence information is avail- 
able, presents a challenge for biologists. The 
increasing availability of tagged mutants is a tool 
with which to address this problem, but identifying 
or isolating clones with reference to their function 
circumvents problems with characterisation. Subtrac- 
tive cloning has the advantage that it may afford 
clues to the identity of the transporter, over and 
above its homology to other proteins. Also, yeast 
complementation has been a popular and successful 
method for cloning many plant transporter cDNAs 
in recent years [198], and the superb variety of avail- 
able yeast ABC transporter mutants (e.g. [57]) makes 
functional cloning appear appealing for plant mem- 
bers of this superfamily. However, the large size 
(120-170 kDa; 3-6 kb) of four-domain ABC trans- 
porters such as MDR and MRP may prove prohib- 
itive in functional cloning experiments. In an attempt 
to clone an Arabidopsis STE 6 homologue by com- 
plementation, Covic and Lew isolated a serine/threo- 
nine protein kinase [199]. While this result is interest- 
ing and has yielded a novel non-transport gene, it 
highlights the difficulty of obtaining transporter 
clones. The use of size-selected libraries may facili- 
tate functional cloning, but isolating full-length 
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transporters from a directional library may prove 
problematic due to leaky, toxic expression when the 
library is propagated in E. coli. Whilst yeast may not 
be the first choice for cloning, it nevertheless remains 
a useful host for heterologous expression of cloned 
ABC transporter genes, as has been the case for 
MRP homologues. For other transporter subclasses, 
judicious use of transcription factor mutants to re- 
move several endogenous ABC transporters will fa- 
cilitate analysis. Also, yeast ABC transporter genes 
are also a potential source of useful promoters for 
heterologous expression: the PDR5 promoter having 
proved particularly strong [65]. 

11.2. Extent of the ABC superfamily in plants; 
lessons from other organisms 

Given the size of ABC superfamilies in microbes 
and humans, and the range of suspected roles for 
ABC transporters, the identification of further plant 
ABC genes is highly likely. However, it is risky to 
base speculations concerning the size of a gene family 
on comparisons with other organisms: within bacte- 
ria alone, the size of the ABC family varies 5-fold [2]. 
It is also difficult to speculate accurately on the pos- 
sible roles of the ABC transporters. Nevertheless, 
comparative genomics can be extremely instructive 
when interpreted with caution, as has been shown 
for comparisons of the yeast and Caenorhabditis ge- 
nomes [67]: it is expected that the ABC transporter 
complement of an organism will include 'housekeep- 
ing' proteins necessary for cellular maintenance - 
these will have orthologues throughout eukaryotes, 
but it will also include proteins which have special- 
ised roles in the host organism. This is the case for 
other gene families, for example: the complete Sac- 
charomyces genome sequence reveals only three genes 
encoding cytochromes P-450, whereas 275 have been 
identified to date in Arabidopsis [200,201]; such dis- 
crepancies reflect the different metabolic activities of 
the two groups of organisms, in this case, the exten- 
sive ability of plants to synthesise secondary metab- 
olites. The ABC transporter complement of plants 
may similarly play a special role in secondary metab- 
olism. 

In other cases, housekeeping functions common to 
eukaryotes may be achieved by different means in 



different organisms, depending on their lifestyles: 
ABC transporters which mediate detoxification are 
a good example of this. Since yeast is unicellular, it 
deals with toxic insults largely by exclusion, effluxing 
compounds into the extracellular medium, and there- 
fore has a complex network of inducible plasma 
membrane ABC transporters. Multicellular animals 
can also effectively exclude toxins from their cells, 
since these can be excreted from the body. However, 
toxins are metabolised prior to transport and are 
effluxed by rather different ABC proteins. Plants, in 
contrast, have evolved to accommodate their sessile 
habit: they contain a similar complement of detox- 
ification enzymes to that found in mammalian liver 
[94], but rather than being excreted, toxins are me- 
tabolised and sequestered intracellularly. Such differ- 
ences cannot be deduced from sequence databases 
alone. 

11.3. A final word 

To a large extent, research on plant ABC trans- 
porters has been directed by analogy to mammalian 
and microbial systems. Whilst much has been learned 
from comparative studies, there are aspects of biol- 
ogy which are specific to plants, and cannot be ad- 
dressed by comparison with other organisms. It may 
be that some of the most interesting ABC transport- 
ers are those which are specific to plants. It may also 
be the case that novel information relevant to all 
organisms emerges from plant ABC transport re- 
search. 
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Multidrug resistance of mammalian tumor cells is 
caused by the enhanced expression of P-glycoproteins. 
These proteins are encoded by mdr genes and mediate 
the energy- dependent efflux of a variety of lipophilic 
drugs from cells. To test whether in plants mdr-like 
genes might be involved in certain cases of cross- re- 
sistance to different herbicides, we have cloned and 
characterized a gene from Arabidopais thtdiana, 
atpgplt encoding a putative P*glycoprotein homo- 
logue. Like the mammalian P-glycoproteins, with 
which it shares extensive sequence homology and a 
similar organization in structural domains, this protein 
is internally duplicated. Seven of the nine introns in 
the atpgpl gene match introns in the mammalian mdr 
genes to within a few nucleotides, and the positions of 
these suggest that P- glycoprotein genes evolved by 
duplication and subsequent fusion of an intron-con- 
taining primordial gene prior to the evolutionary sep- 
aration of plants and mammals. The atpgpl gene gives 
rise to transcripts present in all plant parts but partic- 
ularly abundant in inflorescence axes. 



Multidrug resistance (MDR)^ is a phenomenon described 
in mammalian tumor cells that hampers chemotherapy of 
cancer. Cells initially sensitive to a cytotoxic drug can evolve 
into a state in which they are not only resistant against the 
same drug but also against a wide variety of structurally 
unrelated drugs (see Endicott and Ling (1989), Van der Bliek 
and Borst (1989). and Pastan and Gottesman (1991) for 
reviews). Multidrug-resistant cells are characterized by a de- 
creased intracellular drug accumxilation that is often caused 
by the increased expression of ATP-driven drug efflux pumps, 
the P-glycoproteins. These membrane-bound proteins are 
encoded by a small group of closely related mdr genes (Chen 
et aL, 1986; Gros et ai, 1986; Van der Bliek et al., 1987; Croop 
et aL, 1989; Ng et aL, 1989) and belong to the superfamily of 
ATP-binding cassette-containing transport proteins (Hyde et 
aL, 1990). Proteins in this superfamily include components of 
the high affinity uptake systems, as well as certain export 
systems of bacteria and share a highly conserved nucleotide- 
binding domain (Higgins et al., 1986; Ames, 1986). 

* This work was supported by the Kanton Zurich. The coats of 
publication of this article were defrayed in part by the payment of 
page charges. This article must therefore be hereby marked "adoer- 
tisement'' in accordance with IS U.S.C. Section 1734 solely to Indicate 
this fact. 
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Apart from mammals, P-glycoprotein-like genes are asso- 
ciated with a drug resistance resembling MDR in Plasmodium 
falciparum, where a gene called pfmdr encoding a putative P- 
glycoprotein homologue appears to mediate resistance to chlo- 
roquine (Foote et at., 1989), and in Entamoeba histolytica, 
where mdr-like sequences are overexpressed in emetine-re- 
sistant mutants (Samuelson et al., 1990). Furthermore, in 
Leishmania tarentolae, the P-glycoprotein gene ItpgpA is lo- 
cated on amplified H circles in methotrexate-resistant strains, 
although it is not yet clear how the gene may be involved in 
resistance (Quelle tte et aL, 1990). 

MDR-like phenomena have not been described in plants. 
However, recently the development of cross-resistance to 
herbicides in weeds is becoming more common (Putwain and 
Collin, 1989). Whereas cross -resistance to herbicides with a 
similar site and mode of action may be readily explained by 
mutation of the target site, there are reports of cross-resist- 
ance that seem inexplicable because they involve herbicides 
of different structure, site, and mode of action (e.g. Heap and 
Knight, 1986; Moss and Cussans, 1987). To test whether P- 
glycoprotein-like molecules are involved in such instances of 
cross-resistance, we set out to clone possible P-glycoprotein 
homologues in plants. Here we report the isolation and com- 
plete sequence of a gene from Arabidopsis thaliana that is 
homologous to the mammalian mxir genes, and we discuss the 
evolutionary implications of the intron/exon structure of this 
gene for the origin of P -glycoproteins. 

EXPERIMENTAL PROCEDURES 

Library Screening — As hydridization probes for the library screen- 
ing, three pools of oligonucleotides were synthesized encoding three 
amino acid sequences in the neighborhood of the highly conserved 
second nucleotide -binding fold that are identical between the Esche- 
richia coli hlyB protein (Felmlee et aL, 1985), and N -terminal and C- 
terminal halves of the human MDR I product (Chen et aL, 1986). 
Probe 1 contained all 384 possible 17-mers encoding the amino acid 
sequence SGGQKQ, probe 2 all 864 17-mers encoding the sequence 
lAlARA, and probe 3 all 385 17-mer8 coding for the sequence 
DEATSA, the wobble base of the codon encoding the C-terminal 
amino acid always being omitted. These pools were 5' end-labeled to 
high specific activity with [7-^^?) ATP (6,000 Ci/ramol; Du Font-New 
England Nuclear) and polynucleotide kinase according to standard 
procedures (Maniatis et al.. 1982). About 300,000 clones of a com- 
mercially available genomic library of A. thaliana L. Columbia) con- 
structed in XEMBL3 (Clontech Laboratories Inc., Palo Alto, CA) 
were plated, and triplicate sets of filters were taken. To minimize the 
influence of base composition on the hybridization temperature, 
hybridization was carried out in buffer containing 3 M tetramethyl- 
aramonium chloride (Wood et al., 1985), 10 mM sodium phosphate. 
pH 6,6, 1 mM EDTA, 2% sodium lauroyl sarcosinate at 50 X over- 
night. Washing was performed in 6 X SSC (1 x BSC is 0.15 M NaCl. 
0.015 sodium citrate), 1% sodium lauroyl sarcosinate at 37 *C. Re- 
screening of clones giving a signal with all three probes resulted in 
eight positive candidates that were purified. Hybridization of oligo- 
nucleotide pool 3 to a Southern blot containing DNA of these clones 
digested with Hindlll, Pstl, and BamHl suggested that the clones 
could be divided into two classes according to their restriction pattern. 
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A hybridizing 1.4'kb Hindlll fragment that was characteristic for one 
of the classes (corresponding to probe 1 in Fig- 1) was subcloned into 
pBluescript SK+ (Stratagene, La Jolla, CA), sequenced, and found 
to have homology on the amino acid level to mammalian mdr genes. 
This fragment was used to rescreen the Southern blot, and one clone, 
Xatpgpie, that contained hybridizing Pstl fragments of 4 and 5 kb 
length (Fig. 1), was chosen for further analysis. The 4- and S-kb Pstl 
fragments were subcloned into pBluescript (KS+ and SK+, respec- 
tively) and used for sequence analysis in addition to the subcloned 
1.4-kb Hindlll fragment. 

Sequence Analysis^The sequence of the 6.3-kb stretch of DNA 
shown in Fig. 2 was determined completely on both strands by the 
chain termination method (Sanger et al, 1977) using overlapping 
deletion fragments created by exonuclease III as double stranded 
templates. Gaps were filled in by using suitable synthetic oligonucle- 
otides as primers. Sequencing reactions were performed with Sequen- 
ase (U. S. Biochemical Corp., Cleveland, OH) according to the instruc- 
tions of the manufacturer. Sequences were assembled and analyzed 
using the Staden Plus (Amersham International PLC, Amersham, 
UK) and PC/GENE (IntelUGenctica. Mountain View, CA) computer 
software. The intron/exon structure was confirmed by comparison of 
cDNA and gene sequences. 

cDNA Cloning — Amplification by the polymerase chain reaction 
(PCR) of cDNAs was accomplished essentially as described by Ka- 
wasaki and Wang (1989). Briefly. 25 Mg of LiCl-precipitated RNA 
extracted from peduncles was denatured at 90 *C for 2 min and 
subsequently reverse-transcribed in a volume of 100 ^1 containing 10 
m1 of 10 X PCR buffer (1 X PCR buffer: 50 mM KCl, 20 mM Tris- 
HCl, pH 6.4, 2.5 mM MgCla, 0.1 mg/ml nuclease-free bovine serum 
albumin), 1 mM dNTP, 100 units of RNasin, 500 pmol of random 
hexamer oligonucleotides, and 1000 units of Moloney murine leuke> 
mia virus reverse transcriptase (GIBCO/BRL) for 10 min at room 
temperature and for an additional 60 min at 37 'C. After heat inac- 
tivation at 90 'C for 3 min, aliquots of 10 til were amplified with each 
of six pairs of primers in a final volume of 100 iil supplemented with 
9 m1 of 10 X PCR buffer, 8 ^1 of 1.25 mM dNTP, 2.5 units of Taq 
polymerase (Perkin-Elmer Cetus Instruments) and 100 pmol of each 
primer oligonucleotide through 50 cycles using a thermal cycler (Per- 
kin-Elmer Cetus Instruments) and the following cycle parameters: 
denaturation for 1 min at 94 'C, primer annealing for 30 s at 51 °C, 
and extension for 1 min at 72 'C. The amplification primers corre- 
sponded to the sequences in (originally presumed) exons marked by 
stippled arrows in Fig. 2 but contained additional nucleotides at their 
5' ends that created suitable restriction sites to facilitate cloning into 
pBluescript. Thus, six overlapping partial cDNAs were obtained that 
together comprised the complete coding sequence. 

DNA and RNA Extraction — For DNA isolation, leaf tissue of A. 
thaliana L. Columbia was homogenized in liquid Nj, suspended in 5 
volumes of lysis buffer (7 M urea, 350 mM NaCl, 60 mM Tris-HCl, 
pH 8, 20 mM EDTA, 1% sodium lauroyl sarcosinate), and extracted 
twice with an equal volume of phenol:chIoroform:isoamyl alcohol 
(25:24:1). DNA was precipitated from the aqueous phase by the 
addition of 0.1 volume of 3 M sodium acetate and 1 volume of ethanol. 
The precipitate was redissolved in TE (10 mM Tris-HCI, pH 8, 1 mM 
EDTA), run through a CsCl/EtBr gradient according to standard 
procedures, and dialyzed against TE. 

RNA from various tissues was isolated by the hot phenol method. 
The tissue was powdered in liquid nitrogen and added immediately 
to a 1:1 mixture of phenol and 2 x NETS (200 mM NaCl, 2 mM 
EDTA, 20 mM Tris-HCl, pH 7.5, 1% sodium dodecyl sulfate) pre- 
heated to 80 "C. The mixture was thoroughly vortexed, cooled on ice, 
and centrifuged. After two more phenol extractions at room temper- 
ature, the nucleic acids were precipitated with ethanol and redissolved 
in water. RNA was then precipitated by adding 1 volume of 5 M LiCl 
and incubating on ice for 4 h. The RNA was pelleted, dissolved in 
water, and used for PCR amplification, Si mapping, and Northern 
analysis. 

SI Mapping and Northern and Southern Hybridizations— Tot Si 
mapping, a 540-nucleotide-long continuously labeled single-stranded 
probe that was complementary to the sense strand from position 709 
to 1109 (the rest being derived from vector sequences) was synthesized 
from a double-stranded deletion template using one of the amplifi- 
cation primers (5' attctAGAGCAGCCATGGACAAAAGC; the se- 
quence given in capitals is complementary to the sense strand from 
position 1089 to 1109 (Fig. 2); lower case letters denote additional 
nucleotides creating an X6oI restriction site) in a sequencing reaction 
in the absence of dideoxynucleotides and the presence of [a-^^Pl 
dCTP (6000 Ci/mmol; Du Pont-New England Nuclear). The reaction 



was run on a sequencing gel, from which the probe was cut out and 
eluted. Si mapping was performed with 10 ^g of LiCl -precipitated 
RNA as previously described (Dudler and Travers, 1984), except that 
220 units of Si nuclease (Boehringer Mannheim) were used per 
reaction. A sequencing reaction using the same template and primer 
was run in parallel as a marker. Note, however, that Si nuclease is 
expected to remove the 5 noncomplementary nucleotides at the 5' 
end of the oligonucleotide-primed probe. 

For Southern and Northern analysis, DNA gels and RNA formal- 
dehyde gels were blotted onto GeneScreen membranes (Du Pont-New 
England Nuclear) and hybridized to random-primed ^^P-labeled 
probes according to standard procedures (Maniatis et a/., 1982). The 
probe for genomic Southern and Northern blot hybridizations was a 
2.2 -kb fragment (Fig. 1; probe 2) bounded by a Hmdlll site (starting 
at position 3433) at the left and a deletion break point {position 5582; 
cut with Kpnl at a neighboring site in the vector) at the right side. 

RESULTS 

Isolation and Analysis of a P-glycoprotein Gene of A, thal- 
iana — To clone possible mdr homologues of A. thaliana, three 
poob of degenerate oligonucleotides were synthesized corre- 
sponding to three amino acid sequences around the second 
nucleotide-binding fold that are conserved in mammlian P- 
glycoproteins and the hlyB gene product o(E. coli. A XEMBL3 
genomic library of A. thaliana was screened, and clones hy- 
bridizing with all three oligonucleotide pools were isolated. 
The positive clones could be divided into two classes according 
to their restriction and probe hybridization pattern, suggest- 
ing that each class represented overlapping fragments of two 
different genomic loci. Sequence determination of a 1.4-kb 
Hindlll fragment that was characteristic for one class of 
clones and that hybridized to the oligonucleotide probes re- 
vealed sequence similarity to mammalian mdr genes at the 
amino acid level. Consequently, one clone of this class, 
Xatpgpl6, was chosen for further analysis. Two Pstl insert 
fragments of 4 and 5 kb that both hybridized to the 1.4-kb 
Hindlll fragment (Fig. 1, probe 1) were subcloned and se- 
quenced in part. Analysis of the resulting 6300-bp sequence 
shown in Fig. 2 suggested that it contained a gene with nine 
introns and 10 exons encoding a protein of 1286 amino acids. 
Structure and exon sequences of the gene were confirmed by 
sequencing cDNA clones covering the complete coding region. 
Since screening of an A. thaliana cDNA library with the 1.4- 
kb Hmdlll fragment was not successful, single-stranded 
cDNA was prepared from RNA extracted from peduncles (see 
below) and amplified by the polymerase chain reaction with 
six pairs of suitable primers (Fig. 2, stippled arrows). Thus, 
six overlapping cDN A fragments were obtained covering exon 
sequences from nucleotide positions 793 to 5853. The se- 
quence of these cDNAs was in agreement with the gene 
structure shown in Fig. 2. 

The transcription initiation site was determined by Si 
mapping. A continuously labeled oligonucleotide-primed sin- 
gle-stranded probe was synthesized that was complementary 
to the sense strand from nucleotide positions 709 to 1109 (Fig. 
2). As shown in Fig. 3, the protected fragment of about 315 
nucleotides co-migrated approximately with the C-band (po- 

, nnnrppmp ipj ir^i:jp ^-^ 

p rhPHR Rf> 

1 kh 

probe 1 piobr 2 



Fig. 1. Physical map of the atpgpl gene of A. thaliana. The 

thick solid line represents sequenced DNA; stippled lines denote 
regions not sequenced. Open boxes indicate exons, with the black bars 
marking the nucleotide-binding folds. Thin lines represent probe 
fragments used for hybridization studies and a scale bar. P, Pstl; R, 
EcoRl; H, Hindlll, 
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CM rAUATTGCACCrCACdCTAATrAIlJkTTCnTT rCCCIGAtll UTAAkAAACAf A 60 

TATACAGAGAr t A T T G A 6 A C C A A I C A A C A CC A C A A A C r C T T G CCAfi t CAAA A* A A AC1 T A 120 

tCTCCAATTTCTAACACTCITCrATCTCCGATTCCAICAATCICICTCrCTICCATCAtC ISO 

ICTCACTTICITTCrTf TCTACCCAACAA6AAACCCAACAAA**AAAAr*ACAAIItACr 240 

AAAGTArrAAMCCITTTIItCTGICACAAAAtAAAAACCCACrAAAAAECAAACGAITC SOO 

tAAGAACATGGAAACAAATCfQTAAAAAGGAAAIAAAAACATCAAGCGTftCCCrCAAAAI 360 

CACIACACGAAAArCCAAATTTTGfilAArTCTAITAAATTriT lAAGTTGGIAArAAAGA i.20 

6AAT AAATACACAAAITGACTCCCCAGTACACA ACIICACTGAT I AArCCCAAATT AIAC i«0 

AIAATrAArAAlrAAAAAACCGIAAAAAACCI TAAT AAATAACQAAAIAAAICAAAACAA J 40 

ATQAA6A6t6C6ATTA6TAAA8TATTAAAGAAACCAfAIACACCCCAAG«AAACI6*ACA 60 0 

I66AA6ArTATAAAAIACT6ITCICAA6AA6AACCrAIICC»rririAT*CICItC*tII t60 

ITATrrTAtTTrAAtAACAAAACAAAATAACATITAAAaAAIACrArATtATTTATTT&r 720 

!AATTTTCTUAtt OCCrCT TCTCCTITTTCACCTTCTC r*TtAAG CAt>CTAACAAA»C« 780 

TCf ACACAAArCICC^CAACAA_TCICAtCACAA»AAACtACACCAACAACAACAAAT?»*C gdO 

ICACIICAACAAT^GCQMGGICCGAAA^CAAGGCCr rc«GCT TCTCCCTCAIAACACC »0 0 

N 0 N 0 G C A 
AACAACAACTCACCAACCICC ACAGAAAC rCACCCCAAAtGGArAAtCACGGtGGTCcrC «60 

^PP^PIlVVCfPKIAf ttCV 
CTCCTCCrCCCCCGACACTAGTCCICGAAOACCCrAACAAACCACAGATTCCTCCACMC 1030 

AfKEirifAOGlOrVlHCIC 
CrrttAAACACCtAMCACATTCGCCGACCCAr lAGAt f A 1 GT A 1 1 G A t CCC A A T r GCCJ|, 109 0 

IVGAFVUCCSirifLBrrAD 
OejJ^«!_a£M l_T0TCCAI6OC TCCTCI I I ACCICTGr I ICT IC6AIICI ICGCCCAtC 1 140 

LVVSrcsMSIIMVEIItHEEVl 
TTGIIAATrCCIIICGTTCIAAI I C I AA T A AC6 1 T 6 A AA AG A T C A 1 GCA AC AAC 1 TCTCA 1200 

ca»tctttgisaacact»»cllBttttt 1260 

VALTfLVVGAAIWASS 
BBtt«ttgC«sTATGCCCITIACT11ITA6TCGTTCCIGCTCCAA1CTCCGCMCCTCII 1120 

U A Intron 2 

«CCCAG9tt*Btag»«as((acttaaa««tctAA*etttt*l«cigtteteivv«tct«A IS 80 

EISCUMWSCE 
lte«atttl*«at«tg8tttc«ttBttgeagAGATTTCGTCMGGA1tTCCACrCBACAC 14«0 

VOIIKHIIKTLEAALMOOIQ 
AGACAAACAACGAACATCACCATTAAGTAITTAGAACCAGCITTGAATCAACACAriCAC MOO 

ffOTEVR?SDVVrAIIiIO#'v 
riCtITCAIACACA»6TrcC»ACtlC*G»lCTTCICTICCCCATT**C*CCCACCCICTT 1560 

MVOOAISEK Intron} 
ATCCTtCAACACCCCATTAGTCAGAAAgcaagaatcttciaactcitagtcttttlgttl 1620 

L G H F 1 H T 
eitettcciiatctgatctgtttltttttgggaacetcagCTTGGtAAITTCAtCCATTA 16 SO 

MAIfVSGF IVCriAVUOLAt 
CArCGCGACri rrCT MCTGCATICATCGICCCTTTCACTCCCCICTGGCAACrAGCTTT 1740 

VTLAVVPtlAVICGIMTTTl 
ACTGACtCrCCCCCICGrTCCCTTCATTCCTCrGATCCCACGAArrCACACCACIACTCt UQO 

SKIS "u K S GESLSOACllIVfO 
CTCTAAACIAICTAATAAGACICAAGACICrCTIICACAAGCrGGTAATArCCICCAACA 1860 

Intron 4 

GgtagagtgcacaaatccctagaaalaiataaalaaagtttctatllttBtcaaatccag 1920 
ta«tcatcag»tcattctatc«tctgBirttctitigggtct9atie«atttetgaa«aa 19 80 

TVVO>RVVNAFVGIS«A 
aatggcaBACACT6CIACAAATCACCG(A6TGAIGQCITrCCrTGGAGAATCAACA6CTT 20t0 

~_T".T 

SOAVSSAIK lAOKLCTKTGL 
CACAAGCT^IAMCATCAGCf TICAAGAITGCTGAGAAGCr IG6TTACAAAACAGGTTTA6 2100 

AKGNGlCAfTrVVFCCTAlt 
CtAAACCAATGCSACTICCTGCTACAtACI fCCTTGICIITTCtlCTlACCCICTCITCC ?160 

LUIGGVLVKHNltllGGlAIA 
riTGGIACCCTGGItAfCIAQITCGCCACCATIIGACCAACCGICGICICGCTATTGCCA 2220 

TNFAVNIGCL Intron 5 

CAAIGf TCCCCGTTAr&AtTfifitcCA!lota»«eaAetcttlgclettctctBttratca 2280 

ctcttgttatcatttggtttBAtattggitcgitgitggtgatgagttltlttatttttg 2340 

ALGQIAPSNAAFACAKV 
tttaaAgCCCAITGCCACAATCACCACCCACCATGGCTCCATTTCCCAAAGCAAAGCTTG 2400 

AAAKIfRllOHKfllEtMSE 
C1CCTCCAAACAICT1TACAATCA1TGATCACAAACCAACCATA6AGCGTAACAGCCA6T 24 60 

SCVEIDSVIGLVEIKNVOFS 
CCGGrGTGGAGirAGACTCACTCACGGGrCTIGICCACCTTAAAAAICIGCACIMrCCT 2S20 

1PS8P0VCI LMMfClSVPAC 
AICC6ICAAGCCCACATCI I AACAT TCTTAACAACITCtCCC tCICIGTTCCTCCf BGGA 7 SOO 

KIIALVCSSCSGKSIVVSLI 

AGACCAT rSCTI IGGrTGGGAGCACTCGITCACGAAAAAGCACACTCGII ICGCt TA1AG 264 0 

etFTDPMS I niron 6 

AGCCGTrrTACGACCCCAACTCACgttaacaatcttaacattctgttacatttcaagctg 2700 

GOV 

ItttgttcgtgcattBttattttaal i a ac ac gg t g t t a l eg tct c l gc agC AC AACT t T 2760 

ILOGOOlKTlIllUllOeiG 
TACIACATGCCCAAGACCIGAAGACGCTCAAACTGAGAtGGTIAAGCCAACAGAIACGGC 2820 

IVSOEPALFATSIKEMtllG 
TACIGACtCAACAACCItCATTAItCCCCACnCIATCAACCACAAIAlACTCTTACOCC 2880 

|»t>AOOVEIEEAAKVAI|AMS 
GTCCIOACOCAGAICAACICCACAIACAGGACCCTCCICCAGICCCAAArCCtCAUCCt 2 9*0 

rilKLPOGFDIQ Intron 7 

TtATCATCAAACFACCTCATGGCT TCGACACACACgiCI gatggt t latglgaatctgtg 3 000 

ttct< ttgtticticaaitalteattagli taaggtattttB««agagt«aa«agafaB« S060 

aaaBOtatggieatggaaaagcatttataacBgagtaaeBigggt t ttstcaacaacgci 3 <20 

tgtgasaecCBgaeaagtagttttaBtGaigtBtcitgatgltgaaltltttttagtgit 3 160 

catgtgcttgttttttttcitgctactt taaettgaa«acc«tC'AC<:*' Iccaatg 3 240 

gatCtttaaiccagatBBacatatottttttlataeicatftgfltaaatgtgaataalBt 3300 

VGEBClOLSCCQCQEtAIA 
caBCITGCCCACACACGAnGCACCTGTCTGCTGCGCACAACCAAAGAArACCCAIACCA 3360 

BAMLrilPAILLlOflTiAlD 
AGASCGATGTlGAAGAACCCCCCGAIACITCIAf IACAIGA6CCCACGA0r6CAIlC6_AJ^ 34 20 



SCICKLVaEAlDIFNIGItT 
ICJCAATCA^BAC_AA^6C^tCtACAA6A66eTtt66A!C6IirCAT6AI106AA6GAC1AC( 

lllAHILSIiaKAOLVAVlQ 
CUATCAIICCTCAICGCCTrTCIACCATICCAAAACCrCACCirCtlGCtCfCCtACAC 

OCSvSElCtNOELrsCCENQ 
CAACeAACICTCICIfiACArrCGAACCCATCATCACCITTTVICCAACCCACAaAATCGA 

VTAKllKNQEAAHErAMSHA 
CICt AtCCr AACCtAAT TAAAAtCCAACAAGCACCICACGAAACCGCCA IGAGCAAIGCA 

B K S S A ■ Intron 8 

ACAAACAGt ACCCCAAGgt a t ac t c 1 1 at tea 1 1 1 igtgtttgttttttgttttgatgat 

P 8 S A R M 

gctrttttctggsttactgitgitaatctatttgttgcagACCCTCGAGTOCTAGAAACT 



$V$S»IMTRN$St6R8PrS8 
CGCITAGCrCGCCAAIAArGACrCGGAAriCGICGTAIGCAAGATCACCrTarTCACGGA 

ILSOrSTtDFtlSIOASITP 
CACrArcCCATirctCAACMCICAIMIAGCCICTCCATtCACGCITCCTCCfACCCAA 

KVANCKlAFKOOAWtrvVlA 
ACTArACAAACCACAACCtCCCCrtCAACGATCAACCCAATfCArTCIGCCCACfAGCTA 

KNIISPIUIVAllGtVGtVlC 
AAAtCAACtCICCACACtCGAAAIkCSCt 1 I6CICCCTTCA61AGGCIC1CTCAI 1 IG16 

GSLSAFiaTVlSAVlSVTTW 
CCtCCCMACTCCATTCITCCCATATCICCTCACICCACTCItAAGCGTCIACIACAACC 

PONETNIKQIPKVCVLL I Gl 
CGGACCACGAAIACATGAICAAACACAIIGAIAAGIACTOtTAtCICTIAAICGGTCICI 

SSAAlVFNlLONSFUDtVCC 
CT1CCGCAaCAei1BTCIICAACAC6CTCCACCATTCII1CTCGGACATI«IGECT6A6A 

H L t KIVKErNiSAVlKIEMA 
AlCIGACCAACACAGrCCCTGACAAGATGCTGAGCGCTGrACTCAACAAIGACATGCCTT 



GGlTrCATCAACAGCAGAACGAAAGTGCAACAArCGCACCAAGATfAGCTCTTGATCCIA 

MHVAIArCDIIIVIVQHTAL 
ATAATGTCACATCTGC6ATACCACATACAATATCGC1TATTCTGCACAACACACCACTCA 

MlVACTACFVLOU»LAltfl.V 
TCCIICIICCTTCCACrCCCCCClTIOITCTACAATCCAGACTCCCACTTCICCTtCTCC 

AvfPVVVAATVia Intron 9 

CACTCMCCCCCTAGrrGTICCrcCAACTCTCIIACAGgtttgtgttcttttaaagcotg 

K H 

(gcatsctctcottgttgttetiggBtcigaaaetttgtettgtcttttgaaeaoAAAAT 

FNIGrSGOlEAAKAKGTQLA 
CTICATGACTCGI TICTCCGGAGACCTCCAACCGCCACAIGCCAAGGGAACCCAGC^TtGC 

CEAIAMVRIVAAFHSEAKtV 
nCCTCA^AJCj^T AGCT AATGf CACCACACT T CCICCAt I rAACtCCGACGCA AA6A T1 G t 

BLrlAMLEPPLKBCFUKCOl 
CCCTCrCTACACrCCAAACCICCAACCACCATIGAAACCATCCITCTCCAAAGCACACAT 



CCCrGGAAGrccrTArGGIGTACCTCAGTICrCTCflTAIGCATCtTAIGCTCTCGGGCT 

WTASWlVKNGISOFGATItV 
ATCGrACCCAICAtCGCTICICAAACACCCCATCICTGACTTCrCCAAAACCATAAGAGT 

FMVIHVSAMGAAE IlllAPD 
CTrCAIGGriCTCArGGICICAGCCAAICGTCCACCACAGACACrCACACrCGCTCCrGA 

f IKCCOANIISVFEllDRXrE 
lltCAICAAACCtG&ICAAGCTAtGCCCTCICTTnCGAACTTCTTCACCGCAAAACCGA 

lEPOOPOTtPVPDALIGEVE 
CATICAACCICAICATCCTCAlaCCACCCCCCTCCCACACCCGITACCTCCTCAACfCCA 

LKMIOFSTPStPOlOIFtDL 
GCICAAACATAICGAIMCICTTACCCTfCAACCCCAGACATCCAGAriTICCGTGACCT 

SLRARAGKILALVGPCGCGK 
1 AGCCITCCIGCIAGACCTGGCAAAACeCTACCrCTTGIBGGTCCAABCGGGTGCGGAAA 

SSVtSLiatFTEPSSGRVMt 
AACC1CAGI t ArCieCCTCATCCAGACAllCTACGAACCTTCCIC^GCCCCACTCAIGAT 

DGK&IERIHLEAIRKHIAIV 
CGACGGCAAAGACATAAGCAAATACAACCTGAAAGCCATAACCAAACACAlAOCCAfkGT 

POEPCLFCTTlTEMIAfGNE 
CCCTCAACAGCCCICCrTCTTCGGAACIACCAITTACCAAAACATTGCATATGGACAIGA 

CA1EAE1 lOAATLAtAHKFI 
AICTCCCACC6AA6CACAGA1CA1ACAACCC6CCACTCTAGCCA6TCCGCACAAATTCA1 

SAll^EGTKTTVGEtGVaLCG 
ATCCGCCCTACCA6AAGG11ACAAAAC6IATGT1GCCGAGACA6CC6TTCACC1CTCCCG 

GOKORIAIARAIVIKAEIMI 
AGGACkCAAACAGACSAICGCGATCCCACCIGCCCTCGTCACCAAAGCACACATCAICCT 

lOEATSAl 'OAESE RSVaEAl 
GCITOACCACCCf ACAAGCGCf CI1GA16CAGA61CCCAGAGATCAGTCCAACAAGCAT1 

OQACfGITSIVVAHRLCriR 
ACACCA6CCt1GCIC1G6TA6AACAICAAIA6TC6TGeCTCAIAGGCTA1CTACAA1C«G 

NAHVIAVIBOGKtfAEOGSNS 
CAACGCACACCrGAICGCICTCATCCATGAIOOAAAAOTGGCTCAACAAGGAICGCAirC 

HILKNHPOGITAIMIOIQRF 
CCATCr ICrCAAGAACCATCCTGArGGAATCTACGCCCGAAICATACAGTrGCAAAGATT 

TKrOVlGNlSGtSSRVKCOO 
lACCCAtACACAAGfGAITCGTATGACGTCAGGITCAAGTICTAGGGIIAACCAAGATGA 

A • 

reel r AGI ACT t ACLAC I ITCOrCATAtACAAGAAAAAACAACCAGACTAAAAAACAACA 
AACACCACAACAI cTl F C 1 C A Va VAVAVf f CflCOAACTCAICAITTTCICTllTTTICt 
rrCICT Tl rCAl I T TCCCOI FACTIAl I T T T CO A A C T ACC T t T C A G A t T T 6 A 1 6 C T A I AG 
FAflAIFATTGIGFArTATCATAAIIAAICIAATITTTCACCTCTCTAATATCCATTIAT 
ATGCCArAICAAICrArCACCCICfCCCTTICTACtGAAGTCAACAACGTGAlOAFGAGA 
CGrAICrAICICArAATCAICBAGCCACtTGllACCATAIATATTCCIMCGICTTGTTC 
TAGArrTCAC«ArAAGCCTAACTTT1CAATCA1CAGATCCGf rc? AAAACAAAFATTATC 
GTAIAtGAICAAAAIGTAATCMTTAACGIMT TAAITGTAT1661TACATGCGIGATG6 
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Fig. 2. Nucleotide sequence of the atpgpl gene and deduced amino acid sequence of the encoded 
product. Intron sequences are given in lowercase letters. The amino acid sequence is written in the single letter 
code above exon sequences. The presumed TATA box is underlined, and the solid arrow indicaUs the site of 
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Fig. ;i SI mapping of the atp^pi transcript. The probe frag- 
ment protected using 10 ^^ of total RNA extracted from peduncles is 
shown in lanes ! nnd 2. Imtw P, full length Si probe. iMnc M, marker 
(//pall -cut pBH322). The numbers indicate the ien|[^h in nucleotides 
of the marker fragments. iMnea A, G, C, and 7'. sequence ladder 
generated with the same primer as the Si probe. The sequence of the 
region around the C at position 799 co-migrating with the protected 
probe fragment is given on the right 

sition 799) on the sequence ladder primed with the same 
oligonucleotide. Since this oligonucleotide had 5 noncomple- 
mentary residues at its 5' end (comprising a restriction site) 
that were cleaved off by SI nuclease, the transcription start 
site maps, in effect, 5 nucleotides upstream, that is around 
the C at position 794 (Fig. 2, arrow). A potential TATA box 
{underlined in Figure 2) is located 28 bp upstream of this 
position. 

The assignment of the translation initiation site was some- 
what problematic. The most upstream in- frame potential 
initiation codon in the 3855-bp-long open reading frame fol- 
lowing it in the cDNA sequence (corresponding to position 
939 in Fig. 2) is preceded by two out-of-frame methionine 
codons at positions 852 and 868, respectively (Fig. 2, bars). 
However, since these are followed by termination codons after 
only 27 and 111 nucleotides, respectively, we tentatively as- 
signed the methionine codon starting at position 939, which 
exhibits a reasonable match to the consensus initiation se- 
quence for dicot plants (Cavener and Ray, 1991), to be the 
translation initiation site. The resulting putative translation 
product of 1286 amino acids with a calculated relative molec- 
ular mass of 140,574 is of length similar to that of the 
mammalian P-glycoproteins, which are around 1280 amino 
acids long (Chen et ai, 1986; Gros et a/„ 1986; Van der Bliek 
et ai, 1987). Like the latter proteins, it is composed of two 
homologous halves, the N -terminal part (amino acids 1-630) 
sharing 35% identical and 16% conserved amino acids with 
the C-terminal part (amino acids 631-1286). Its hydropathy 
profile (not shown) is similar to that of the mammalian P- 
glycoproteins and exhibits six hydrophobic regions in each 
protein half that are thought to be membrane spanning. When 
calculated with the HELIXMEM program of PC/GENE 
(based on the algorithm of Ei.senberg et ai, 1984), only 11 
membrane-associated helices were indicated {underlined in 
Fig. 6a), although the region corresponding to the missing 
one (the third in the C-terminal half) is hydrophobic and 
shows sequence conservation with the corresponding regions 
of the mammalian P-glycoproteins, As in the latter proteins, 
highly conserved nucleotide-binding consensus sequences 
(Higgins et ai, 1986; boxed in Fig. SA) are present in both 



protein halves, and there are several potential jV-glycosylation 
sites (overlined in Fig. 2). Sequence comparison with other P- 
glycoproteins revealed that the putative Arabidopsis protein 
shares 39% identical and 16% conserved amino acids with the 
products of the human MDRl and MDR3 genes (Chen et a!., 
1986; Van der Bliek et ai, 1987) and the mouse mdrl gene 
(Gros et ai, 1986). As is evident, from the dot matrix compar- 
ison of the Arabidopsis protein and the human MDRl P- 
glycoprotein presented in Fig. 4, the sequence similarity ex- 
tends essentially over the complete sequence, although it is 
highest in the regions containing the nucleotide-binding folds 
(amino acids 390-630 and 1040-1280). in contrast, sequence 
similarity to nonmammalian P-glycoproteins is much more 
confined to the nucleotide-binding domains and therefore less 
pronounced {e.g. 24% overall identity with both the yea.st 
STE6 gene product (McGrath and Varshavsky, 1989) and the 
P. falciparum P- glycoprotein (Foote et al, 1989) and 15% with 
the L tarentolae P-glycoprotein (Ouellette et ai, 1990)). From 
this analysis, we conclude that we have isolated a gene encod- 
ing a P-glycoprotein homologue of i4. thaliana. We name this 
gene atpgpl. 

The result of a genomic Southern hybridization using probe 
2 (Fig. 1) with moderately stringent washing conditions (2 x 
SSC, 60 *C) is shown in Fig. f)A. Whereas the hybridization 
pattern obtained with Hindllh and i?omHI-digested DNA is 
compatible with atpgpl being a single copy gene, the pattern 
obtained with jEJcoRI -restricted DNA indicated additional ho- 
mologous sequences. Of the four bands visible with EcoRl- 
restricted DNA, only the 3.5- and 2,2-kb bands correspond to 
the cloned atpgpl region, as is evident from the restriction 
map shown in Fig, 1. (The 2.2-kb band is expected to be 
weaker than the 3.5 kb one because it is covered by the probe 
to a lesser extent.) Since at least the smaller one of the 
additional hands cannot be attributed to incomplete DNA 
restriction (being smaller than the expected bands), the hy- 
bridization pattern indicates a second cross-hybridizing P- 
glycoprotein -like gene. Additional evidence for a second gene 
comes also from our library screening experiments, which 
resulted in two classes of positive clones. Indeed, preliminary 
partial sequence analysis of a member of the second class 
revealed equal similarity to both the atpgpl and the mam- 
malian mdr genes.^ Thus, the A. thaliana genome seems to 
harbor at least another, possibly quite diverged, mdr-like gene 
in addition to atpgpl. 

Expression of the atpgpl Gene—The Si mapping experi- 
ment and the complete agreement of cDNA and gene se- 
quences indicate that the atpgpl gene is expressed. Northern 
analysis using probe 2 (Fig, 3 ) revealed that RNA homologous 
to the atpgpl gene with a size of about 4.5 kb is present in all 
plant parts examined, i.e. leaves, roots, flower buds, open 
flowers, and peduncles (Fig. 5B, inflorescence axes). In the 
latter organ, however, it is about 5 times more abundant per 
equivalent of total RNA than in all other tissues, .suggesting 
that the atpgpl gene may be expressed in a tissue or cell iyva- 
specific manner. The size of the hybridizing mRNA is com- 
patible with the minimum size of 4 kb expected from the 
cDNA sequence, which did not include the 3'-noncoding 
region. It is not known whether the smaller band visible in 
ail lanes in Fig. oB represents a degradation product of the 



- R. Dudler and C. Hertig, unpublished results. 



transcription initiation. Two out-of-frame methionine codon.s upstreanii of the presumed translation initiation site 
are underlined with thick bars. Potential iV-glycosylation sites are overlined in the protein sequence. Stippled 
arrows indicate the oligonucleotides used as primers for FOR amplification of cD.N'A.s. The right-pointing ones 
underline the sequences of the upstream primers, the left-pointing ones underline the coinplementarN' sequences of 
the downstream primers. Each of the six upstream primers was used with its nearest downstream primer. 
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Vu\. Dot matrix compurison of the humun MDRl P->ily- 
coprotein (Chen et al,, 1986) and the A rabid opsis atpf*j)l «ene 
product. The proportional algorithm of the DIAGON prof^ram 
(Staden I'lus software) was used with a window lenjiTth of 19 and n 
srure «if 228. Marks on the axca denote intervals of 100 amino acids. 
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Fk;. n. Southern and Northern analyses with an aipgpl 
probe. .4, autoradio^^ram of a Sovithern blot hyl)ridized with probe 2. 
Each lane contained 10 ^/g of genomic Arahidopsis DNA restricted 
with tJcoRl {IC), Hindi II (//), and BaniHl (B), Numbers on the left 
j»ive the size in kh of marker hands, fi, aiitoradiograni of a Northern 
blot, hybridized with probe 2. Kach lane contained ^0 of total RNA 
extracted from leaves (lanes 1 and 3), peduncles {lane. 2), flower buds 
(lane open tlowers {lane 5), and root,<; (lanv 6). Numhars on the 
rifiht indicate the size in kb of RNA marker bands. 

4.5-kb RNA or a genuine different species, originating from 
the same or another gene. 

Comparison of Intron Positions — The mammalian mdr 
Kenes sequenced to date contain 28 introns, 26 of which 
interrupt the coding region (Raymond and Gros, 1989: Chen 
et ai, 1990; Lincke et at., 1991). Thus, it was interesting to 
compare the intron position.^ of the ntpgpt and the manima- 
lian mdr genes. For the present purpose, the nine introns in 
otpgpl are referred to as A1-A9 and the 26 introns in the 
protein coding regions of the mammalian mdr genes, as M2- 
M27. Fig. 6/t shows an alignment of N-terminal and C- 
terminal halves of P-glycoproteins encoded by the Arahidopsis 
alp^pl, the human MDRl, and mouse mdrX genes. The intron 
positions relative to the protein sequences {arrowheads) and 
intron phases are indicated. As is evident , of the eight introns 
located in the left half of the Arahidopsis gene, none matches 
the position of the ninth in the right half. Furthermore, none 
of the nine introns in the Arahidopsis gene exactly matches 
any of the 26 introns located in the protein coding regions of 
the mammalian mdr genes. However, some are located at 
similar positions. Within the transmembrane domains, Al 
and M5 interrupt the left halves of the P-glycoprotein genes 
at positions 1 bp apart in the same codon, and hence are of 
different types (type 0 introns interrupt between codons, type 
1 and 2 interrupt after the first and second nucleotide of a 
codon, respectively (Traut. 1988)). Similarly, A2 in the N- 
terminal half and M18 in the C-tcrminal half interrupt cor- 
responding codons and are also of different types. Of the same 
type are C-terminal A9 and N-terminal M7, which are located 
at positions two codons apart. Also of the same type but offset 



by four and five codons are ( wo other possilile [jairs involving 
N-ternnnal Arahidopsis and C-ierminal mammalian introns, 
namely A3/M20 and .A4/iVI21, The two Arahidopsis introns 
in the nucleotide-binding domain are located both in the left 
half. AG is positioned one and two codons upstream of the 
closely matched mammalian intxon pair M12/.M25, respec- 
tively, but is of a different type, whereas A7 is located five 
codons downstream of, and is of the same type as, the con- 
served mammalian intron pair MI3/M26. Of the remaining 
two Arahidopsis introns, A 5 does not match any niamnuilian 
intron and A8 interrupts the atpgpl gene between its left and 
right halves and hence is located at a position analogous to 
that of mammalian intron M lo. 

Thus, seven of the nine introns in the Arahidopsis oipiipl 
gene match mammalian introns in position to within five 
codons. To clarify the following discu.ssion, a schematic map 
indicating only the positions of the matched introns is pre- 
sented in Fig. VyB. We note that there are instances of approx- 
imate matches between Arahidopsis and n^Mnunalian introns 
located both in corresponding (Al/Mo), as well as in different 
gene halves (A2/M1S, A9/M7. A.-J/MSO, A.1/M21)- 

DISCU.S.S10N 

Evolutionary Implications of Iniron Positions — Tlie struc- 
tural similarity of N-terminal and C-terminal halves of the 
mammalian P-glycoproteins has l>cen hypothesized to be the 
result of a duplication and suhsequent fusion of an ancestral 
gene (Chen et al, 1986; Gros ct ai, 1986). However, although 
intron positions are conserved in all mammalian glycopro- 
tein genes analyzed to date (Raymond and Gros, 19B9; Ng 
al, 1989; Chen et ai. 1990; Lincke et ai. 1 991), and although 
both gene halves contain a similar number of introns, an 
alignment of left and right halves revealetl few matches of 
intron positions Iwjtween the two halves. This has led to 
conflicting inter}>retations concerning the evolution of these 
genes. Raymond and Gros (1989) preferred the hypothesis 
that mdr genes represent a duplicated intron-containing an- 
cestral gene because at least one intron pair fM 13 and M26: 
Fig, 6/i) occupies identical positions in both halves of 
glycoprotein genes. In contrast, Chen c/ al. (1990) proposed 
that R-giycoprotein genes resulted from the fusion of two 
independently evolved genes encoding the two halves. These 
two primordial genes would have been formed .separately by 
the fusion of closely related sequences encoding the nucleo- 
tide-binding domain with sequences coding for different 
transmembrane proteins. Chen et al. based their proposal on 
the ol)servntion thnt l)oth the secjuence and the intron/exon- 
structure are much more conserved between the regions en- 
coding the nucleotide-binding domains of the two gene halves 
than in the regions encoding the t ransmembrane domains. 

How can the intron positions in the atp^pl gene be inter- 
preted in the light of these two confiicting hvpotheses? As 
outlined above, seven of the nine Arabidopsk introns match 
mammalian introns in position to within five codons (Fig. 
6/.r). Although these approximate matches could in principle 
be purely coincidental, we think it is more plausible to assume 
that they are derived from exact matches by intron sliding, 
even though in three of the seven pairs the intron type is not 
conserved. With this assumption, the most straightforward 
interpretation of the fact that there are matches between 
plant and mammalian introns located both in corresponding 
(A1/M5) and in different gene halves (A2/Mia A9/M7, Ay 
M20, A4/M21; Fig. 6/iJ), is that both gene halves arose by 
duplication of a primordial gene in a common ancestor to 
plants and mammals. TWis primordial «^ene would have con- 
tained at least seven introns at positions where introns located 
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Fig. 6. A, alignment of putative Ar- 
abidopsis atpgpl gene product with 
mouse mdrl and human MDRl P -gly- 
coproteins (Raymond and Gros, 1989; 
Chen et ai, 1990). The N-terminal 
halves of the Arabidopsis atpgpl product 
{AR'N), the human (HU-N), and the 
mouse [MO-N) P- glycoproteins were 
aligned with each other and the respec- 
tive C-terminal halves {AR C, HU-C, 
and A/O-C) using the CLUSTAL pro- 
gram (PC/GENE software). Dashes 
mark gaps introduced to optimize the 
alignment. Amino acids that are identi- 
cal or conserved in all six sequences are 
marked with asterisks and periods, re- 
spectively. NB'l and NB-2 mark the 
conserved sequences {boxed) of the nu- 
cleotide-binding sites. Putative trans- 
membrane domains are underlined. The 
positions o( Arabidopsis introns (A1-A9) 
relative to the protein sequence are in- 
dicated by arrowheads pointing down- 
wards above the sequences. Positions of 
the mammalian introns (M2-M27) are 
marked by arrowheads pointing upwards 
below the sequences. The numbers in 
parentheses indicate the intron type: 
type 0 introns interrupt the coding se- 
quence between codons, types 1 and 2 
introns interrupt within a codon after 
the first and second nucleotides, respec- 
tively. B, schematic positional map of 
relevant introns. The lines represent the 
N- and C-terminal halves of the Arabi- 
dopsis (A-N and A-C) and the mamma- 
lian P-glycoproteins (M-N and M-C). 
Symbols mark only the positions of in- 
trons that match approximately between 
the plant and the mammalian genes (la- 
beled above the map). Squares, type 0; 
circles, type 1; triangles, type 2 introns. 
The map is not drawn to scale. The 
stippled vertical line represents the bor- 
der between transmembrane domains 
{left) and nucleotide binding domains 
(right). 
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in different halves of the extant genes match, i.e, correspond- 
ing to the locations of A2/M18, A3/M20, A9/M7, A4/M21, 
M9/M23, A6/M12/M25, and A7/M13/M26 (Fig. 6). Follow- 
ing the duplication and subsequent fusion of the primordial 
gene, some introns wuld have been differentially lost from, 
and others gained by, the two halves during the separate 
evolution of animals and plants. The fact that the N-terminal 
half of the Arabidopsis P-glycoprotein exhibits a similar dele- 
tion (at amino acid 80; Fig. 6i4), relative to the mammalian 
N-terminal halves, as both plant and mammalian C-terminal 
halves, is consistent with this interpretation. 

Alternatively, for consistency with the hypothesis of Chen 
et ai (1990), one might postulate that the N-terminal half of 
the Arabidopsis P-glycoprotein is a homologue of the mam- 
malian C-terminal halves and vice versa. Thus, atpgpl would 
represent a gene the two halves of which switched places 
relative to the mammalian mdr genes. This would explain the 
approximate match in the positions of intron pairs A2/M18, 



A3/M20, A4/M21, and A9/M7, but not of A1/M5. The match 
of the latter pair would then have to be attributed to coinci- 
dence. Interpreted in this way, all the arguments for the 
independent evolution of the two halves of the mammalian 
mdr genes proposed by Chen et al. (1990) could be applied to 
atpgpl. The fact that sequence comparisons revealed a closer 
relationship of the N- and C-terminal halves of the Arabidop- 
sis protein to the corresponding halves of the mammalian P- 
glycoproteins would have to be explained by convergent evo- 
lution. 

Considering these arguments, we think that intron posi- 
tions and sequence relationships are more naturally explained 
by the first hypothesis than by the second and thus favor an 
evolutionary scenario in which P-glycoproteins evolved from 
the duplication and subsequent fusion of an intron containing 
primordial gene prior to the evolutionary separation of ani- 
mals and plants. 

Functional Considerations— MDR-Wke proteins form a 
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subfamily within the superfamily of ATP-binding cassette- 
containing (Hyde et al, 1990) transport systems that share a 
conserved hydropathy profile and considerable sequence sim- 
ilarity mainly in the nucleotide-binding regions. Although not 
all members of this subfamily have been characterized func- 
tionally, it seems likely that they all are involved in some 
transport process. Best known are the mammalian P-glyco- 
proteins, some of which were shown to be efflux pumps for a 
variety of large hydrophobic, but otherwise dissimilar drugs 
in multidrug-resistant tumor cells (see Endicott and Ling 
(1989) and Pastan and Gottesman (1991) for reviews). The 
normal function of these proteins is not known, but it has 
been hypothesized that it may be the elimination of toxic 
metabolic or xenobiotic substances. More distantly related 
but structurally similar mammalian proteins include the cys- 
tic fibrosis transmembrane conductance regulator (Riordan 
et ai, 1989) that has recently been shown to work as a 
regulated chloride channel (Anderson et al., 1991; Rich et ai, 
1991), the peroxisomal membrane protein PMP70 (Kamijo et 
dL, 1990) of undefined function, and the products of mcir- like 
genes located in the class II region of the major histocompat- 
ibility complex that may be involved in the transport of 
processed antigens to the surface of antigen-presenting cells 
(Deverson et ol, 1990; Trowsdale et d., 1990; Spies et al, 
1990). The P-glycoprotein homologue described in the proto- 
zoan P. falciparum is involved in chloroquine resistance 
(Foote et al, 1989), and a similar protein in L. tarentolae may 
be associated with methotrexate resistance (Ouellette et al, 
1990). In yeast, a P-glycoprotein homologue encoded by the 
STE6 gene mediates the export of the proteinaceous a-factor 
mating pheromone (McGrath and Varshavsky, 1989). Pro- 
karyotic members of the MDR-like subfamily include signal 
sequence independent protein export systems, e.g, for hemo- 
lysin and colicin V in E, coli (Felmlee et ai., 1985; Gilson et 
al, 1990), as well as polysaccharide export systems (Stanfield 
et al, 1988; Cangelosi et al, 1989). In the face of the wide 
variety of known or inferred substrates of MDR-like proteins, 
a detailed discussion of possible substrates of the atpgpl gene 
product seems premature since it would remain purely spec- 
ulative. However, the fact that the Arabidopsis protein ex- 
hibits the highest sequence similarity to the mammalian P- 
glycoproteins may suggest that functional aspects are also 
conserved. Thus, the atpgpl gene product may be involved in 
the extrusion of toxic metabolic and xenobiotic compounds 
from cells. It is interesting in this respect that the transcript 
from this gene is particularly abundant in peduncles. One 
may speculate that this reflects tissue -specific expression, 
possibly in vascular tissue. The cloned atpgpl gene now makes 
it possible to answer experimentally questions about its 
expression pattern and its function. For example, it will be 
interesting to test whether the atpgpl gene product can confer 
multidrug resistance to cells, and if so, to determine potential 
substrates, which may include herbicides. 
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lnvol\Aement of an ABC Transporter in a Developmental 
Pathway Regulating Hypocotyi Cell Elongation in the Light 

Michael Sidler,^ Paul Hassa,^ Sameez Hasan, Christoph RingU, and Robert Dudler^ 

Institute of Plant Biology, University of Zurich, Zollikerstrasse 107, CH-8008 Zurich. Switzerland 

In the dark* plant seedlings follow the skotomorphogenetic developmental program, which results in hypocotyt cell elon- 
gation. When the seedlings are exposed to light, a switch to photomorphogenetic development occurs, and hypocotyt 
cell elongation is inhibited. We have manipulated the expression of the AtPGPI (for ^abidopsis thaliana P giycogro- 
teinl) gene in transgenic Arabidopsis plants by using sense and antisense constructs. We show that within a certain 
light fluence rate window, overexpression of the AtPGPI gene under the control of the cauliflower mosaic virus 35$ 
promoter causes plants to develop longer hypocotyls, whereas expression of the gene in antisense orientation results in 
hypocotyls shorter than those occurring in the wikJ type. In the dark, hypocotyls of transgenic and wild-type plants are indis- 
tinguishable. Because the AtPGPI gene encodes a member of the superfamily of ATP binding cassette-containing (ABC) 
transporters, these results imply that a transport process is involved in a hypocotyi cell elongation pathway active in 
the light. The AtPGPI transporter is localized in the plasmalemma, as indicated by immunohistochemical techniques and 
biochemical membrane separation methods. Analysis of the AtPGPI expression pattern by using reporter gene con- 
structs and in situ hybridization shows that in wild-type seedlings, AtPGPI is expressed in both the root and shoot apices. 



INTRODUCTION 

A young seedling's predominant endeavor is to reach favor- 
able light conditions to switch from heterotrophic to photo- 
autotrophic growth. Consequently, tight, which serves as 
energy source, provides important information for plant 
morphogenesis. Plants make use of a sophisticated system 
of photoreceptors to sense the quality, quantity, periodicity, 
and direction of light (Kendrick and Kronenberg. 1994), At 
least three different photoreceptor systems are known to be 
involved in modulating development: phytochromes. which 
primarily aosorb red and far-red light; blue lighi/UV-A recep- 
tors; and UV-B receptors (Chamovitz and Deng, 1995; Quail 
et al., 1995). Depending on the light conditions, seedlings 
can follow tu/o developmental programs. In darkness, their 
hypocotyls elongate, the yellow cotyledons are kept closed, 
and apical hooks are formed (skotomorphogenesis). On the 
other hand, light triggers deetiolation, which results in inhibition 
of hypocotyi elongation, opening of apical hooks, unfolding 
of the cotyledons, and development of chloroplasts (photo- 
morphogenesis). Recently, mutations at the PR0CUSTE1 
locus that cause specific defects in hypocotyi cell elongation 
in dark-grown plants have been described in Arabidopsis 
(Desnos et al.. 1 996). The observation that light stimulates 
hypocotyi cell elongation in these mutant seedlings uncov- 
ered a novel P/?OCUSr£ 7 -independent genetic pathway 
termed X that controls hypocotyi cell elongation in dim light 
(Desnos etaL, 1996). 

^ These auiiTors conuibuted equally to this work. 
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We previously cloned the multidrug resistance {MDRj-Wke 
gene AtPGPI (for Arabidopsis thaliana P glycoprotein 1) from 
Arabidopsis {Dudier and Hertig. 1992). The products of MDR- 
like genes belong to the ubiquitously occurring family of ATP 
binding cassette^ontainlng (ABC) transporters that mediate 
the ATP-driven transmembrane translocation of a large vari- 
ety of substrates (Higgins. 1992; Gottesman et al., 1995). To 
analyze the function of AtPGPI. we manipulated its expres- 
sion in transgenic plants. Here, we present evidence that 
AtPGPI is involved in a hypocotyi cell elongation program 
that is active in dim light, thus implicating a transport function 
in this developmental process. Localization experiments and 
analysis of the AtPGPI expression pattern indicated that 
AtPGPI is localized in the plasma membrane and that the 
corresponding gene is expressed in both the root and shoot 
apices of seedlings. 



RESULTS 



Generation and Analysis of Transgenic Arabidopsis 
Plants Constitutively Expressing AtPGPI Gene 
Constructs in Sense and Antisense Orienutions 

To analyze the function of the AtPGPI gene, we generated 
two series of transgenic Arabidopsis plants. Plants of the 
first series expressed the AtPGPI gene constitutively under 
the control of the cauliflower mosaic virus (CaMV) 35S 
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promoter. In the second series, the suppression of AtPGPl 
protein synthesis was attempted by constitutive expression 
of an antisense construct driven by the same promoter. The 
constructs were introduced into the Arabldopsis genome by 
using the Agrobacterium-mediated in-the-plant transforma- 
tion system (Bechtold et al. 1993). Plants from the first six 
independently transformed lines homozygous for the 355- 
AtPGPI gene (0£ lines) and the first five lines homozygous 
for the antisense constatct (AS lines) were analyzed in the T, 
generation. RNA gel blot analysis showed that in all OE 
lines. /*fPGP7-specific mRNA of ~4.5 kb was much more 
abundant than in nontransformed wild-type plants (Figures 
lA and IB). In the AS lines, new RNA of the expected 
length of 1 .9 kb as well as shorter fragments could be de- 
tected with a double-stranded /ltPGP7-specinc hybridization 
probe, whereas in most cases, the authentic mRNA of 4.5 
kb was less abundant than in the wild type. 

The transgene- mediated modification of AtPGPI expres- 
sion could be confirmed at the protein level. Figures 1 C and 1 D 
show gel blots of mraosomai membrane proteins probed with 
an AtPGPI -specific rabbit antiserum raised against a fusion 
protein produced in Eschen'chia colL In extracts from OE plants, 
the antibody identified a single band of ^--1 40 kD (Figure 1C). 
This Is in good agreement with the theoretically calculated 
weight of 140.57 kD for AtPGPI. No signal was detected in 
the iane with proteins extracted from wild -type plants on 
this blot, which contained 10 ixg of protein per lane, indicat- 
ing that in wild-type plants, AtPGPI is not an abundant pro- 
tein. However, when 100 |j.g of protein was loaded per lane, 
the antibody detected two bands in extracts of wild-type 
plants in the size range of ~1 30 to 1 40 kD (Figure 1 D). 

In AS plants, both bands were visible as well, but in most 
cases, the upper one appeared to be reduced compared 
with the lower one (Figure 1 D). To determine which of the 
two bands corresponded to AtPGPI. we co-electrophoresed 
membrane proteins from the AS2 fine with an aliquot of 0E3 
protein (lane AS2/OE3 in Figure ID). Because the upper 
band was enhanced by the addition of 0E3 extract, it must 
represent AtPGPI, whereas the lower one most likely repre- 
sents a cross-reacting homolog. The reduction of AtFKSPl in 
AS lines was quantified densitometrically by using the lower 
band as an internal standard. Figure IE shows that the 
amount of AtPGPI in the AS plants reached 30 to 80% of 
the wild-type level, depending on the individual transgenic 
line. These values may overestimate AtPGPI levels in AS 
plants because it is possible that the upper band represents 
additional cross -reacting proteins. Thus, the antisense strategy 
to knock out AtPGPI expression had worked at least in part. 
For OE plants, the amount of AtPGPI was estimated to be 
enhanced above that of the wild type by a factor of ^^200. 



AtPGPI Mediates Hypocotyl Length m the Light 

We observed that in comparison v/ith the wild type, all six in- 
dependently transformed OE lines used in this study exhib^ 



ited elongated hypocoiyls, whereas AS plants had shorter 
ones. In Figure 2, the average hypocotyl length of all lines is 
plotted from germination of the seeds until maximal elonga- 
tion of the hypocotyl. Under the growth conditions used in 
this experiment (an 18-hr photoperiod with 75 jxmol m"^^ 
sec-' white light at 24''C). hypocotyls of AS. wild-type, and 
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Figure 1. Analysis of AtPCPl Expression in Wild-Type and Trans- 
genic AS and OE Plants. 

(A) Autoradiography of an RNA gel blot probed with a double- 
stranded 3^P-iabGled probe. Each Jane contains 8 iiQ of total RNA. 
The expected lengths of AtPGPI and antisense transaipls ore 4.5 
and 1.9 kb. respectively. The lertgths In kilobases of marker frag- 
ments are indicated at right WT. wild lypc. 

(B) Ethidium bromide-stained get before blotting. 

(C) and (D) Gel blot analysis of membrane proteins extracted from 
OE. AS, and wild-typo plants. Ten and 100 jxg of microsomal pro- 
teins were loaded per lane on the gels corresponding to the blots 
shown In (C) and (D). respectively. The lane labeled AS2/0£3 in (D) 
contained 100 {ig of AS2 and 2 |j.g of OE3 microsomal proteins. The 
blots were probed with an AtPGPI -specific rabbit antiserum and 
processed with the ECL chemilumincsceni detection system. The 
sizes of the marker proteins are given at right in kilodaltons. 

(E) Relative intensities of the upper band (corresponding to AtPGPI) 
to the lower band (serving as an internal standard) in corresponding 
lanes in <0). The histogram represents the percentage values of this 
ratio relative to the wild type. 
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Figure 2. Analysis of the Hypocotyl Growth Rate of Wild- Type and 
Transgenic Plants. 

The plants were grown under long-day conditions (18-hr photopc- 
riod at 24 "O under while light at a fluence rate of 75 ftmol m-^ 
sec-'. Each data point represents the average length of 10 to 25 
plants. For the wild type {WT). 20 to 35 hypocotyls were measured 
per day. The error bars indicate the standard error of the mean. 



OE plants reached maxima! average lengths of ~5. 8. and 
12 mm. respectively, 9 days after germination. 

The difference In hypocotyl length of wild-type. OE, and 
AS plants in theory may be caused by an increase in cell 
elongation, ceil number, or both. To determine which pa- 
rameter was affected by the transgene, we counted epider- 
mal cells in the files in which they were arranged in the 
hypocotyl (Gendreau et al., 1997). As is evident from Figure 
3 A, AS plants had shorter and OE plants longer epidermal 
cells in their hypocotyl than did the wild type, whereas the 
number of cells in each file was identical in transgenic and 
wild -type plants (Figure 3B). 

The phenotypic effect of the iransgenes on the hypocotyl 
length could only be observed In plants that were grown in 
the tight. The hypocotyl lengths of etiolated AS, OE, and 
wild-type seedlings exhibited no statistically significant dif- 
ference. The data shown in Figure 4A originated from three 
different experiments. Seedlings were grown in a dark- 
growth cabinet and collected in single experiments after 5. 
7, and 8 days to ensure that hypocotyls had reached maxi- 
mal length. Hypocotyl lengths reached maximal values after 
5 days and were not significantly different in transgenic and 
wild-type plants (Student's f test and ANOVA test: 95% con- 
fidence level). 

Because light quality has a major impact on a young 
seedling's hypocotyl length (von Arnim and Deng. 1994). the 
response of the transgenic plants to far-red. red, and blue 
light with defined spectra was investigated. As shown in Fig- 
ures 4B to 40, the relative differences of hypocotyl lengths 



between the transgenic and wild-type plants remained qual- 
itatively the same under all wavelengths. As previously 
described (Desnos et al.. 1996), blue light inhibition of hypo- 
cotyl growth was stronger than the effect exerted by red 
light (Figures 48 and 4C). Interestingly, under red light, OE 
plants developed longer hypocotyls than they did in com- 
plete darkness (Figures 4 A and 4B). Seedlings grown under 
red light showed the characteristic lack of negative gravitro- 
pism (Golan et a!., 1996). indicating a bona fide red light re- 
sponse (data not shown). Under continuous far-red light, the 
seedlings remained very short (Figure 4D} and were deeti- 
olated but never became green. 

To determine the light dose response of transgenic and 
wild -type plants, we grew seedlings under different fluence 
rates of white light with a 6-hr night break, and maximal hy- 
pocotyl lengths were measured. As depicted in Figure 5, 
above a light fluence rate of '^^0.5 jjimol m'^ sec"*', the hy- 
pocotyls of wild-type plants became longer with increasing 





^Qg^...;.:., ......... 

^^^^^^ 



B 




AS WT OE 



Figure 3. Number and Length of Hypocotyl Cells In 7-Day-Old Wild- 
Type, AS. and OE Plants Grown at a Light Fluence Rate of 52 iimol 
m-' sec-V 

(A) Scanning electron microscopy of hypocotyls. 

(B) Number of epidermal ceUs per filo in hypocotyls. Eight hypocot- 
yls from each of two AS lines, two OE lines, and the wild type were 
scored. The error bars indicate the standard error of the mean. 
WT, wild type. 
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Figure 4. Influence or Light Quality on Hypocotyl Length in Wild-Type. AS, and OE Plants. 

(A) Hypocotyl lengths of etiolated seedlings. The data represent the averages of three independent measurements conducted after 5, 7. and 8 
days of growth in complete darkness. Hypocotyls already had reached maximal length after 5 days. A total of 142 AS and 190 OE seedlings of 
all transgenic lines and 102 wild-type seedlings were scored. The differences between OE. AS, and wild-type plants are statistically not signlft- 
cant at the 95% confidence level. 

(B) to (D) Seedlings of two AS lines, two OE lines, and the wild type were grown in light of different qualities, and hypocotyls were measured at 
two different time points that yielded identical results, thus ensuring full elongation. In (B), 40 seedlings per line were measured after 19 days of 
growth in red light at a fluence rale of 25 jtmol m"* sec'V In (C). 20 seedlings per line were scored after 14 days in blue light at a fluence rate of 
1 5 jtmol m-2 sec-\ In (D), 18-day-old seedlings were grown under far-red «ghi at a fluence rate of 2 n-moi m-* sec'. Twenty seedlings per line 
were scored. 

Error bars indicate the standard error of the mean. WT. wild type. 



light fluence rate and reached a maxima! length at ^^20 jtniol 
m"^ sec"'. Higher fluence rates resulted in shorter hypocotyls. 
The elongation of OE hypocotyls under dim light was greatly 
Increased: in AS lines, it was essentially abolished. Hypocot- 
yls in alt lines decreased in length at higher light fluence 
rates and were indistinguishable at ICQ nmol m-^ sec"\ 
reaching a length of ~2 mm. 

>ltPGP7-Overexpres$ing Plants Have Longer Roots 

As depicted in Figure 6, overexpression of AtPGPI also had 
a phenotypic effect on roots. Roots of OE plants grown on 
soil for 12 days under normal conditions (20 hr of light at a 
fluence rate of 75 junol m-^ sec"') were slightly longer than 
the roots of wild-type and AS plants. The roots of the latter 
seemed to be shorter than those of the wild type, but in con- 
trast to OE plants, the difference was not significant fn sta- 
tistical tests at a conHdence level of 95%. Root length was 
also measured 8 days after germination with essentially the 
same results: OE roots were significantly longer than those 
of wild -type plants, v»/hereas AS roots appeared to be slightly 
shorter, although the difference between AS and wild-type 
roots was statistically not significant (data not shown). 

Apart from the hypocotyl and root phenolypes, no other 
phenotypic effect of the transgenes was observed in any OE 
and AS line throughout the complete life cycle of the plant. 
Because the products of MDR-Wke genes often are involved 
in resistance against toxic compounds and heavy metals 
(Ortiz et al.. 1992; Gottesman et al.. 1996). the transgenic 
plants also were tested for their tolerance to emetine and 
doxorubicine. two compounds known to induce multidrug 



resistance in mammalian cells, as well as for their resistance 
to the herbicides paraquat, azifluorfen. atrazine. and atachlor 
and the heavy metal cadmium sulfate. No difference be- 
tween AS. wild -type, and OE plants was detected (data not 
shown). 



AtPCPI Expression Pattern of Wild-Type Plants 

To examine the expression pattern of the AtPGPl gene, we 
placed the p-glucuronidase (GUS)-encoding u/cWgene from 
E. coli under the control of the AtPGPI promoter (2.1 kb of 
5' flanking sequence). After the introduction of this reporter 
gene into the Arabidopsis genome, kanamycin-resistant plants 
from 16 independent transgenic lines were analyzed in the 
Ti generation by histochemical detection of GUS activity. In 
seedlings of all 16 independent lines, staining of the shoot 
apex was observed, whereas root apices exhibited GUS 
activity in 12 of the 16 lines {Figures 7A to 7D). In the shoot 
apex of these 16 lines, the meristematic region, leaf primor- 
dla, and young leaves as well as the proximal regions of the 
vascular tissue of cotyledons and the hypocotyl were stained, 
whereas the remaining parts of these organs never exhibited 
any GUS activity. Staining first became visible in the shoot 
apex ^^24 hr after germination. As leaves expanded with 
progressive age, staining largely disappeared in these or- 
gans. Only the proximal part of the midrib frequently showed 
(12 of 16) weak GUS staining in fully expanded rosette 
leaves (data not shown). In 12 of the 16 lines, the elongation 
zone and frequently the specialization zone of roots, includ- 
ing the first root hairs, were stained (Figure 70). The same 
pattern was observed in lateral roots, in which GUS activity 
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could be detected very early after initialization from cells in 

the pericycle. 

Plants of 13 independent lines also were examined at 
flowering stages (data not shown). In all lines, the most in- 
tense GUS activity was associated with the nodes of the 
stem, including the bases of cauiine leaves, the proximal 
part of the midrib, and the secondary inflorescence mer- 
istematic regions. In six of the 13 lines, the receptacles of 
flowers were stained, whereas other flower parts never ex- 
hibited GUS activity. In one of the six lines showing staining 
of the receptacles, the nectaries exhibited particularly strong 
GUS activity. Because this was observed in only one line, its 
significance is unknown. In roots, blue coloring was never 
observed at root tips, in contrast to the pattern in seedlings, 
but sometimes GUS staining was visible in the stele of rela- 
tively indistinct parts of the root system near bifurcations. It 
is not clear whether the weak staining in these older plant 
parts reflects activity of the reporter gene or Just GUS activ- 
ity that remained stable. 

The GUS staining pattern was also observed in reporter 
plants of several lines subjected to all expenmentai condi- 
tions used In experiments with OE, AS. and witd-type plants. 
No change in the GUS staining pattern was observed in any 
of the experiments, indicating that AtPGPl expression is 
seemingly independent of changes in the environmental 
conditions. 

The AtPGPl gene expression pattern was also analyzed 
by in situ hybridization of whole*mount preparations of roots 
and of longitudinal sections through the hypocotyl and 
shoot apices of Arabidopsis seedlings before germination 
and 12. 24. 72, 96, and 120 hr after germination. As is evi- 
dent from examples shown in Figures 7E to 7N. the results 
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Figure 5. Influence of Light Quantity on Hypocotyl Length In Wild- 
Type. AS. and OE Plants. 

Socdlings were? grown undcif while light at different light fluence 
rales, and hypocotyls were measured at two differ em lime points to 
ensure full elongation. The star on the vertical axis indicates the av- 
erage hypocotyl length of etiolated seedlings (taken from the data 
presented In Figure 4). Data points represent measurements of 30 to 
•10 seedlings of the wild type (V/1) and each of three AS and two OE 
lines, respectively. Eiror bars indicate the standard error of the mean. 



35 
30 
26 
20 
15 
10 
5 
0 



AS wr OE 

Figure 6. Root Length of Wild-Type. AS. and OE Seedlings. 

Seedlings were grown on soil under while light at a lluerKC rale of 
48 ^lmol m^^ sec V Roots of two AS lines (30 seedlings), two OE 
lines (55 seedlings), and the wild type (WT; 19 seedlings) were 
scored after 12 days. Roots of OE plants were signifrcanity different 
from those of AS and wild-type plants, whereas the difference be- 
tween AS and wild-type roots was not statistically significant at the 
95% confidence level. Enror bars indicate the standard error of the 
mean. 



of these experiments essentially confirmed the AtPGPl ex- 
pression pattern infen^.ed from the transgenic seedlings har- 
boring the GUS reporter gene. Hybridization signals were 
not detected in longitudinal sections of vernalized seeds 12 
hr after transfer to light and 24X ambient temperature (Fig- 
ures 7E and 7F) but appeared in the shoot apex and to a 
lesser extent in the cotyledons of seedlings 12 and 24 hr af- 
ter germination, respectively (Figures 7G to 7J). Germination 
occurred 12 to 16 hr after transfer to normal growth condi- 
tions. In situ hybridization of longitudinal sections through 
hypocotyls of seedlings at any age never revealed a clear 
positive stain except for the region of the vascular strand 
most proximal to the apex (Figures 7K and 7L). The only 
slight divergence from the GUS staining pattern was found 
in roots, where in situ hybridization revealed a distinct signal 
at the region of the quiescent center (Figures 7M and 7N). In 
transgenic reporter plants, this region was not stained at all 
or was at the end of a decreasing gradient of GUS staining. 



Subcellular Localization of AtPGPl 

The subcellular localization of AtPGPl as an integral mem- 
brane protein was examined by both immunohistochemical 
and biochemical techniques. Unfortunately, the polyclonal 
antibody raised against the AtPGPl fusion protein was not 
suitable for immunohistochemical localization experiments 
because it unspecifically cross-reacted with tissue sections. 
Therefore, transgenic plants v/ere generated harboring a 
modified CaMV 35S promoter-driven AtPGPl gene encod- 
ing a c-Myc epilope-tagged protein. The c-Myc epitope, 
which is recognized by the monoclonal antibody 9E10 (Evan 
et al.. 1985), was introduced at position 1274 of the 1286- 
amino acid AtPGPl protein. The constaia was transferred 
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into the Arabidopsis genome by using the Agrobacierium- 
mediated transformation system. Hand-cut sections of ho- 
mozygous transformants were fixed and probed with the 
anti-c-IVIyc antibody 9E10. To visualize bound antibody, we 
used a dichlorotrlazynil aminofluorescein (OTAF)-conju- 
gated secondary antibody. 

Examination of immunostained leaf and meristem sec- 
tions with a confocal laser scanning microscope revealed 
that the cells were exclusively labeled at the periphery, 
which is consistent with localization in the plasma mem- 
brane (Figures 70 and 7Q). Sections of wild-type control 
plants displayed no labeling, indicating that the signal very 
specifically represented the c-Myc epitope (Figures 7P and 
7R). Experiments with transgenic plants expressing tagged 
AtPGPl protein containing the c-Myc epitope at different 
positions (at Leu-14 near the N terminus and at Glu-80 in the 
first putative extracellular loop, respectively) revealed identi- 
cal results (data not shown). 

These results were confimried by biochemical fraction- 
ation experiments. Microsomal membrane fractions were 
isolated from wild -type and transgenic plants expressing 
c>Myc epitope- tagged AtPGPl and separated by continuous 
sucrose gradient centrifugation (Figures 8A and 88). Gradi- 
ent fractions were analyzed on protein gel blots. To deter- 
mine the distribution of the different membrane compartments 
in the gradient, we used antibodies raised against VM23, a 
tonoplast protein (Maeshima. 1992); BiP, a protein localized 
in the lumen of the endoplasmic reticulum (Herman et al.. 
1994): and PIP. a plasmalemma protein (Kammerloher et al. 
1994). As shown in Figure 8A, AtPGPl from wild-type plants 
(detected with the AtPGPl -specific antiserum) and c-Myc 
epitope-tagged AtPGPl from transgenic plants (detected 
with the 9E10 monoclonal antibody) migrated at the same 
positions in gradients run simultaneously. Both proteins 
comigrated with PIP. the plasmalemma marker protein, but 



not with the vacuolar VM23 and the endoplasmic reticulum- 
localized BiP proteins, indicating a location in the plasma 
membrane. These results are in good agreement with the 
findings of the immunocytochemical studies and show that 
despite the ectopic expression and the epitope-tagging of 
AtPGPl, the intracellular targeting was not affected. 



DISCUSSION 

iVtani'puiation of AtPGPl Levels in Transgenic Plants 

To study the function of the AtPGPl gene, we constitutive ly 
and ectoplcally expressed it by using transgenic Arabidop- 
sis plants in both sense and anttsense orientations under the 
control of the CaMV 35S promoter, RNA and protein gel blot 
analyses showed that 0£ plants of the six independent lines 
analyzed contained much higher levels of both AtPGPl- 
specific RNA and protein than did wild-type plants. On pro- 
tein gel blots, the antiserum raised against the AtPGPl fu- 
sion protein recognized two bands of M30 to 140 kD in 
membrane protein extracts of wild-type plants. We could 
show that the higher band at 140 kD corresponds to the 
AtPGPl protein by superimposing AS and OE membrane 
protein samples. The AtPGPl levels found in membrane 
preparations of the AS lines were estimated to range be- 
tween 30 and 80% of the wild-type value. Although these 
values may underestimate the true reduction achieved be- 
cause the 140-kD band may also represent cross-reacting 
AtPGPl homologs, it is likely that some residual AtPGPl is 
still present in all lines. The rough estimates of AtPGPl lev- 
els that were obtained are not well correlated with the ob- 
served phenotype of individual AS lines. It is conceivable 



Figure 7. (continued). 

(A) to (D) Histochemicat localization of GUS activity in transgenic plants harboring an AtPCPUGUS reporter gene. In (A) and (B), 7-day'Old 
seedlings were photographed with two different background colors. In (C) and (0), the shoot and root apex, respectively, of a 5-day-old seedling 
are shown. In (A) and (B). bars = 1 mm: in (C) and (D), bars = 100 jim. 

(E) to (N) Detection of A/PGPt-specific RNA by in situ hybridization in wild-type seedlings. In (E) to (L). longitudinal sections through seeds 12 hr 
after transfer from vernalization to growth condiUons (fEJ and [F]) and through seedlings 1 2 hr ([G] and IH]}. 24 hr {[I] and (JJ). and 5 days (IKJ 
and [L]) after germination vjere hybridized with a digoxigenin-labeled iAfPGPT-specinc antisensc RNA protje ([El. [GJ. and [I]) or with a sense 
RNA probe as a control {{FJ, [HI. and Ul). In (M), a whole mount of a root of a 5>day-old seedling was hybridized with a dlgoxigenin-labeled an- 
tisensc RNA probe. In (N), a section similar to the one shown in (M) was hybridized with a sense RNA probe as a control. Arrows indicate the 
shoot apex. Bars ^ 100 p.m. 

(O) to (R) Immunocytochemical localization of c-Myc epitope-tagged AtPGPl in transgenic planis. False-color confocal laser scanning micros- 
copy was performed with leaf sections probed v/ith the c-Myc-specific monoclonal antibody 9E10. Detection was achieved with DTAF-conju- 
gaied secondary antibody (shown in green). The autofluorescencc of chlofopiasis is shown in red. whereas the purple color in (Q) and (R) 
indicaios calcofluor while staining of cell walls. (O) and (Q) are irans\/erse sections through cotyledon of a transgenic seedling carrying an ectop- 
ically expressed gene encoding c-Myc epitope-tagged AtPGPl. The arrow in (O) indicates the cuticle. (P) and (R) are control sections of wild- 
type seedlings treated exactly as the sections shown in (O) and (Q). In (O) and (P). bars » 20 p.m; In (Q) and (R). bars « 10 jun. 
CO. cotyledon; hy. hypocotyl. 
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Figure 8. Protein Gel Blot Analysis of Membrane Vesicles Fraction- 
ated on Density Gf adicnts. 

(A) Membrane vesicles of wild-type Arabidopsis plants and trans- 
genic plants ectopically expressing c-Myc epitope-tagged AtPGPI 
were separated simultaneously on continuous sucrose density gra- 
dients. Gradients were fractionated, and appropriate aliquois of 
equal volume were separated on SDS-poiyacrylamide gels and btot- 
ted. Shown are blots of wild- type samples of a single gradient 
probed with tbe AtPGPi -specific poiyclonal antiserum or specific 
aniisera to the tonoplast protein VM23, the endoplasmic reticulum 
protein BiP. and the plasmalemma protein PIP. The Wot shown at 
t>ottom was prepared with samples derived from transgenic plants 
ectopically synthesizing c-Myc epitopc-tagged AtPGPI and was 
probed with the c-Myc epitope-speciflc monoclonal antibody 9H10. 
This gradient was run in conjunction with the one containing the 
vMld'iypc samples, and the distribution of the marker proteins was 
identical in both gradients (data not shown). Numbers at left indicate 
the sizes in kilodalions of marker proteins. 

(B) Sucrose conccntrau'on of gradient fractions as measured with a 
refractometer. 



that for wild-type function, a threshold level has to be 
present that was not reached in AS lines. 



AtPGPI Is Involved in a Hypocotyl Elongation Program 
Active in the Light 

The skotomorphogenetic developmental pathway active in 
darkness is characterized by elongation of the hypocotyl 
and closed yellow cotyledons that form an apical hook. When 
exposed to light, seedlings switch from skotomorphogenetic 
to photomorphogenetic development, which results in inhi- 
bition of hypocotyl elongation, opening of the apical hook, 
unfolding of the cotyledons, and chloroplast development. 



Thus, light has an inhibitory effect on hypocotyl cell elonga- 
tion. 

Our experiments showed that within a certain light fluence- 
rate window, OE plants developed much longer hypocotyls 
and AS plants distinctly shorter ones than did wild-type 
plants. Outside of this fiuence-rate vi/indow. plants of all three 
genotypes were indistinguishable. We conclude from these 
results that there exists a hypocotyl elongation program op- 
erating at relatively low-light fluence rates in which AtPGPI 
is involved and that acts independently of the well-known 
light-induced hypocotyl elongation inhibition (Koornneef et 
al.. 1980: Kendrick and Kronenberg. 1994). The observed 
hypocotyl length is the result of the superimposition of these 
two processes. Because of this superimposition. the light- 
stimulated hypocotyl elongation is relatively obscured in 
wild-type plants but is clearly detectable in comparison with 
AS plants. The fact that relative to the wild type, AS plants 
exhibited a hypocotyl phenotype opposite to the one ob- 
sen/ed in OE plants argues that AtPGPI is Involved in the 
light-stimulated hypocotyl elongation pathway in the wild type. 

It turned out that light quantity rather than light quality had 
a distinct impact on the AtPGPI -mediated hypocotyl phe- 
notype. Although seedlings exposed to continuous blue, 
red. and far-red light of defined spectra showed the charac- 
teristic appearance typical for the particular conditions, the 
phenotypic difference between the two classes of trans- 
genic plants and the wild type remained qualitatively the 
same; therefore, it does not seem to depend on a particular 
range of wavelengths or a specific set of tight receptors. 
This suggests that AtPGPI acts downstream of a hypotheti- 
cal point at which the signal transduction pathways of differ- 
ent photoreceptors converge. However, the experiment 
revealed an interesting result: under dim red light, AtPGPI - 
mediated hypocotyl elongation in OE seedlings more than 
compensated for the inhibition of hypocotyl elongation af- 
fected by the red light-induced deetiolation, resulting in 
longer hypocotyls than in etiolated seedlings {Figures 4A 
end 4B). 

Elongation of the hypocotyl is known to be one compo- 
nent of the shade avoidance syndrome, which is Induced by 
light with a low red-to-far-red ratio, because typically it is 
found under a canopy of dense vegetation (Yanovsky et al., 
1995; Smith and Whitelam. 1997: Whitelam and Devlin, 
1997). Because in our experiments neutral screens were 
used to dim white light, it can be ruled out that the observed 
hypocotyl elongation in the light is part of this syndrome. In 
addition, the effect would be expected to vanish in the red 
light experiments, in which this ratio is very high. 

The existence of a genetic pathway that regulates Arabidop- 
sis hypocotyl cell elongation in the light has recently also been 
proposed by Desnos et al. (1996). who described procustel 
as being a mutant defective in hypocotyl cell elongation in 
the dark. Although procustel seedlings had short hypo- 
cotyls in the dark, they were able to moderately elongate 
hypocotyls in dim light, thus uncovering a PROCUSTEl- 
independent light-stimulated hypocotyl elongation pathway 
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referred to as X by Desnos et al. (1996). The AtPGPI -medi- 
ated hypocotyl elongation pathway discovered in our exper- 
iments and the X pathway may well be identical, because 
both regulate hypocotyl cell elongation under nonsaturating 
light conditions in a dose-dependent manner. However, in 
contrast to Desnos et al. (1996). we observed a moderate in- 
crease of hypocotyl elongation with increasing light fluence 
rates under nonsaturating conditions in the wild type. This 
may be due to the different ecotypes used by the two 
groups (ecotype Columbia in the experiments of Desnos et 
at. (1996] and ecotype RLD In ours) or by differences in ex- 
perinriental conditions. 



The Phenotype of Transgenic Plants and the Expression 
PaUBm of AtPGPI 

Reporter gene constructs and In situ hybridization experi- 
ments yielded a consistent AtPGPI expression pattern in 
seedlings. Strong GUS activity was found in the apical re- 
gions of both shoots and roots. The only difference was that 
in reporter plants, the root meristem either was not stained 
or was not distinctly stained, positioned at the end of a de- 
creasing gradient of GUS activity, whereas in situ hybridiza- 
tion consistently revealed distinct signals in this region. This 
discrepancy could be explained by assuming lower GUS sta- 
bility in the region of the quiescent center than in the sur- 
rounding tissue or, alternatively, by cross -hybridization of 
the probe with transcripts of a gene similar to AtPGPI that is 
expressed in this region. 

The most surprising fact about the AtPGPI expression 
pattern is that neither GUS activity nor in situ hybridization 
signals were clearly detected in the hypocotyl Itself, indicat- 
ing that AtPCPI may not be expressed in the organ that is 
affected by antisense-mediated suppression of AtPGPI ex- 
pression (see below). The sections of seedlings 1 2 hr after 
germination (shown in Figures 7G and 7H) have been delib- 
erately overstained, resulting in a weak signal in the hypo- 
cotyl of the control section hybridized with the sense probe 
(Figure 7H). The corresponding signal on the section hybrid- 
ized to the antisense probe is not significantly stronger, in 
contrast to the signals over the cotyledons. In summary, we 
were unable to unequivocally detect AtPGPI expression in 
the hypocotyl at any time point during and after germination. 
However, this does not exclude the possibility that AtPGPI 
gene product is present in hypocotyl cells either as the result 
of low-level expression during or after germination or as a 
result of expression during embryogenesis. The AtPGPI ex- 
pression pattern In seedlings, as revealed by reporter plant 
examination and RNA gel blots, was not detectably altered 
by different light and other environmental conditions. 

The observation that OE plants have longer roots than do 
wild-type plants is intriguing, considering AtPGPI expres- 
sion in the wild-type root tip. However, because AS plants 
did not have significantly shorter roots, it is unclear whether 
the AtPGPI gene has a role in a root length regulation path- 



way in the wild type. The root phenotype in OE plants may 
be due to the ectopic nature of AtPGPI expression rather 
than to enhanced expression in root tips. On the other hand, 
it is possible that AS plants exhibit a root phenotype under 
other experimental conditions. 

After bolting, high GUS activity was associated with the 
axillary meristematic regions and adjacent tissue, including 
the phloem and parenchyma in the basal regions of stem 
leaves. In flowers, the receptacle was the only part that in 
some lines (six of 1 3) showed GUS activity. The activity per- 
sisted until sitique development was completed. This late 
activity may reflect stability of the enzyme rather than per- 
sisting synthesis. No phenotypic effect of the manipulation 
of AtPGPI expression was discovered in transgenic plants 
after the seedling stage. 



How May AtPGPI Affect Hypocotyl Ceil Length? 

Hypocotyl cells respond directly or indirectly to diverse envi- 
ronmental stimuli such as wavelength composition, fluence 
rate, and direction of the incident light. In some cases, per- 
ception and signaling may be cell autonomous (Neuhaus et 
al., 1993); otherwise, sites of perception and of action are 
apart In separate cells. Therefore, signals have to emanate 
from the site of perception to regulate directly or indirectly 
the length of the hypocotyl ceils appropriately. An attractive 
hypothesis is that the AtPGPI protein is involved In the 
transport of such a signal. A conceivable function of AtPGPI 
would therefore be the export of a hormone-like compound 
from the shoot apical region that would regulate hypocotyl 
cell length. The production of this compound would be un- 
der the control of the light fluence rate perceived by the cot- 
yledons and possibly other, yet unknown factors, whereas 
its export would be mediated by the constitutive AtPGPI 
exporter. If the distribution of AtPGPI is indeed confined to 
the apical regions, as suggested by our data, then the 
AtPGPI -exported signal would have to reach hypocotyl 
cells by diffusion into the apoplast or by transport through 
the vascular strand to induce cell expansion in competent 
cells. This signal is unlikely to be one of the basic plant hor- 
mones, because if it were, one would expect that constitutive 
ectopic expression of AtPGPI would have greater pheno- 
typic consequences than those that have been observed. 
Alternatively, if AtPGPI transporter is present in the plasrna- 
lemma of hypocotyl cells, it may be involved in the import of 
an incoming signal molecule, although, with the exception of 
the bacterial periplasmic binding protein-dependent import- 
ers, cH ABC transponers analyzed have been reported to 
function in an export process (Higgins. 1992). 

One conceivable hypothesis is that the substrate of the 
AtPGPI exporter is a peptide hormone. MDR>like transport- 
ers have been shown to provide an export mechanism for 
peptides that is Independent of the classic N-terminal transit 
sequence, as. for example, in yeast, in which the STE6 trans- 
porter is involved in the secretion of the 12-amino-acid'long 
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a-mating-type pheromone (Kuchleret al., 1989; McGrath and 
Varshavsky, 1989), or in mammals, in which the MDR-like 
TAP1/TAP2 complex transports processed antigens into the 
endoplasmic reticulum for assembly with major histocom- 
patibility complex class I proteins (Williams et al., 1996). In 
plants, two prominent hormone-like peptides, systemin and 
early nodulin ENOD40, have been described (McGurl et al.. 
1992; van de Sande et al.. 1996). Both lack a hydrophobic 
leader peptide in the active form as well as during their syn- 
thesis, but they are still exported out of cells, conceivably by 
ABC transporters. 

There is increasing evidence that a variety of cellular 
processes, among them defense responses, growth, and 
development, are mediated by small peptides sen/ing as 
signaling molecules (Pearce et al.. 1991 ; McGurl et al.. 1992; 
Matsubayashi and Sakagami, 1995; van de Sande et al., 
1996; John et al., 1997; Miklashevichs et al., 1997). Although 
one can only speculate on the mechanism mediating hypo- 
cotyl cell elongation in the light at present our results impli- 
cate a transmembrane transport function in this regulatory 
pathway. The identification of the substrate that Is translo- 
cated by AtPGPI will help us to understand this pathway, 
and this task should be facilitated by the transgenic plants 
described. 



METHODS 

Plant Growth Conditions 

Arabidopsis thaliana ecolype RLD (slock No. N913; Arabidopsis 
Slock Centre. Nottingham. UK) was grown on FIbrabella cactus soil 
(Klasmann/Doilmann, Geesle, Germany) in a growth chamber (18 hr 
of light and 6 hr of darkness at 24°C) after a 4 -day vernaHzation pe- 
riod (4'C in dim light) by using Arasystem containers (Lehle Seeds. 
Round Rock, TX). For growth under sterile conditions, seeds were 
surface sterilized (5 min in 70% ethanol, followed by a IS-min incu- 
bation in 5% |v/v| sodium hypochlorite, 0 2% |v/v] Tween 20. and a 
threefold rinse in sterile distilled water) and sown on half-strength 
Murashigc and Skoog (MS) sails (Sigma) supplemented with 1% su- 
crose, 1 X Gamborg's viumins, 0.5 g/LMes, pH 5.7. and 0.8% (w/v) 
phytagar (Gibco BRL) in Petri dishes. 

Ught Conditions 
mate Ught 

Biolux fluorescent tubes (Osram, Munich. Germany) were used as 
sources for white light. 



ficd Ught 

The light of seven white fluorescence tubes (warm white, model L20 
W/30 S: Osram) was filtered through 3 mm of red Ptexigias (red No. 



501: RGhm and Haas. Darmstadt, Germany), resulting in a spectrum 
with a peak at 610 nm and a half bandwidth of ^-60 nm. 

Blue Ught 

The light of seven blue fluorescent tubes (No. 8531; Philips, Eind- 
hoven. The Netherlands) was filtered ihrough a Plexiglas screen (blue 
No. 627; ROhm and Haas) to give a peak at 455 nm with a half band- 
width of 30 nm. 



Far^RedLight 

The light from 10 light bulbs (Centra; Osram) was filtered through a 
combination of red (3 mm. No. 501) and blue (6 mm. No. 627) Plexi- 
glas to obtain a far-red spectrum with a cutoff below 710 nm. reach- 
ing a maximum at 750 nm. Cheesecloth and a white nresh were used 
as neutral screens to dim the light. The individual fluence rates were 
obtained by moving the plants vertically closer to or away from the 
light source. The light fluonce-rate was measured with a quantum 
sensor (model Li-190S8; Li-Cor. Lincoln. NE). AH wavelengths and 
spectra were controlled with a Li-Cor spectroradiometer (model Li- 
1800). 



Test for Resistance to Toxic Agents 

Plants were grown for up to 3 weeks in liquid MS medium supple- 
mented with test agents on a rotary shaker at 90 rpm. The herbicides 
atra7ine (Novartis AG. Basel. Switzerland), azifluorfen (RhOne-Poulenc 
Rorer GmbH. Cologne, Germany), and paraquat (Chevron Chemical 
Co.. San Francisco, CA) were tested in a range of 0.01 to 0.05 ^tg/ 
mL: alachlor (Monsanto. St. Louis, MO) was tested in a range of 0.05 
to 0.5 n,g/n\L. The drugs doxorubicine (Sigma) and emetine (Sigma) 
were applied at a concentration range of 0.1 to 100 |i,g/mL. 



Measurement of Hypocotyl and Root Length 

Seedlings were fixed in 70% elhanol and spread on agar plates. The 
plates were scanned on a flatbed scanner, and hypocotyl lengths 
were determined on the digitized image with the help of a standard 
using the National Institutes of Health (Bethesda, MD) Image soft- 
v/are package (Macintosh version 1 .60). To determine the root length 
of soil-grown plantlets. we removed the pot and suspended the soil 
containing the plantlets in water to clean die seedlings. Seedlings 
v^th intact roots were processed as described above. 



Determination of Hypocotyl Cell Numbers and Scanning 
Electron Microscopy 

Seedlings were cleared by incubation for 24 hr in a chloral hydrate- 
HjO mixture (2.5:1). and the number of cells per file was determined 
under a microscope. For scanning electron microscopy, seedlings 
were fixed for 24 hr in a solution containing 4% formaldehyde. 50% 
acetone, and 5% acetic acid. After dehydration in 100% acetone, 
aitical point drying, and coating with gold, they were analyzed with a 
scanning electron microscope (model S-4100: Hitachi. Yokohama. 
Japan). 



r ^ 
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Construction of Transfontiation Plasmids 



GUS Reporter Construct 

The starting plasmid was a 4-kb Psil fragment in pBluescripl SK-r 
(Straiagene. La JoHa. CA) containing the 5' part of the AtPGPI gene, 
including ~2.1 kb of the 5' flanking region (Dudler and Hertig, 1992). 
From this plasmid. a 2.1 -kb promoter fragment was cut out with 
Hind III (which cleaves in the multiple cloning site on the upsueam 
side) and Bell (cutting in the leader region ^-12 bp downstream of the 
transcriptional initiation site in the AtPCPl gene [nucleoUde position 
804; Dudler and Hertig. 19921) a^^d cloned between the Hindi!! and 
BamHI sites of the multiple cloning site of the plant transformation 
vector pBIIOI (Clontech. Pato Alto. CA) upsUeam of the CUS gene. 



Overexpresskm Consiruct 

The starting plasmid was the one used for the CUS reporter con- 
struct. The 2.1 -kb AtPCPl promoter fragment was cut out with Accl. 
AccI cuts in the multiple cloning site on the upstream side of the 4-kb 
PstI fragment and in the leader region ^^25 bp downstream of the 
transcriptional initiation silo in the AtPCPl gene (nucleotide position 
81 7: Dudler and Hertig. 1992) and was replaced with a synthetic dou- 
ble-stranded oligonucleotide containing a BamHI restriction site (up- 
per strand. 5'-CGTGGGATCC; lower strand. S'-CTGGATCCCA). The 
upstream PstI site in the polylinker was lost during this manipulation. 
Thus, the 5-kb PstI fragment containing the rest of the AtPGPI gene 
and 3' flanking sequences (Dudler and Hertig. 1992) could be cloned 
into the remaining downstream PstI site of this plasmid. 

One of the resulting plasmids with the correct orientation of the 
5-kb PstI fragment was selected and named pOE. The complete but 
promoteriess 7-kb AtPGPI gene was cut out from pOE with BamHI. 
which cleaves in the newly introduced oligonucleotide and in the 
multiple cloning site downsueam of the insert. The 7-kb BamHI frag- 
ment was inserted into the BamHI cloning site of the plant transfor- 
mation vector pBliai (Clontech). from which the CVS gene had 
been deleted previously by digestion with Smal and Sad, with religa- 
tion of the vector fragment after blunting the Sad end with T4 DNA 
polymerase. One of the resulting plasmids with the correct' orienta- 
tion of the AtPCPl gene relative to the cauiinower mosaic vims 
(CaMV) 353 promoter of the modified pBII 21 vector v^as selected for 
plant transformation and named pBIMDRi . 



Antisense Construct 

The antisense consuuct contained the first 1.9 kb from the 5' end of 
an AtPGPI cDNA in an antisense orientation between the CaMV 35S 
promoter and the nopaline synthase gene terminaUon sequences of 
pBI121. The cDNA fragment was obtained using the reverse transcrip- 
tase-polymerase chain reaction procedure, as described by Dudler 
and Hertig (1992). Briefly, ifie 1.9-kbcDNA was amplified in three slightly 
overlapping pieces by using the first three primer pairs, as indicated 
in Figure 2 of Dudler and Hertig (1992). All primers had additional nu- 
cleotides at Uie 5* ends to give suitable restriction sites for cloning of the 
resulting fragments. Thus, the most upstream piece of --320 bp was 
flanked by Sacl (5') and Xbal (3') sites; the slightly overlapping mid- 
die piece of ^680 bp had a Sacl (5') site and an Xbal (3') site; and the 
most downstream piece of ^^890 bp. which slightly overlapped with 
the middle fragment, was flanked by Xbal (5') and BamHI (3*) sites. 



These fragments were each cloned into pBluescript SK-h to yield 
pMDRPCRl (upsueam fragment). pMDRPCR2 (middle fragment), 
and pMDRPCR3 (downsueam fragment). pMDRPCRl and pMDRPCR2 
contained a unique Ncol site in the part at which they overlapped 
(nucleotide position 1097; Dudler and Hertig. 1992). Thus, the short 
Ncol-Xbal fragment of pMDRPCRl was replaced with the Ncol-Xbal 
fragment of pMDRPCR2 to give pMDRPCRl 2. The Xbal-BamHI in- 
sert of pMDRPCR3 was then cloned into pMDRPCRl 2. Because the 
Xbal sties of the two plasmids were at identical positions relative to 
the gene sequence (which contains five of the six nucleotides of the 
recognition sequence), the resulting plasmid (pMDRPCRl 23) con- 
tained 1 .9 kb of cDNA sequences identlcat u> the exon sequences of 
AtPCPl except for die one-nucleotide change (T instead of a G res- 
idue at position 2037; Dudler and Hertig, 1992) that resulted in the 
Xbal site. The 1.9-kb insert of pMDRPCRl 23 was cut out with Sacl 
and BamHI and used to replace the GUS gene of p6l121. resulting in 
pBIAS1.9. 

C'Myc AtPGPI Construct 

A synthetic double -suanded oligonucleotide with AatI 1-compatible 
sticky ends (top sUand, 5'-AGAGCAGAAGCTTATCTCCGAGGA- 
GGACCTTACGT; bottom suand. 5'-AAGGTCCTCCTCGGAGATAAG- 
CTTCTGCTCTAACGT) encoding the c-Myc epitope EQKUSEEDL 
(Evan et a!,. 1985) was designed for ligation into the Aatll site of pOE 
(see above) at nucleotide position 5789 of the AtPGPI gene (Dudler 
and Hertig. 1992). The c-Myc epitope is thereby inserted at amino 
acid 1274 of the 1 285-amino acid protein. The resulting clones were 
sequenced, and one with the Insert in the correct orientation was se- 
lected and named pOEmyc. The modified AtPCPl gene was cut out 
from pOEmyc with BamHI and inserted Into the BamHI cloning site of 
the plant uansformation vector pBn2i from which the GUS gene 
had been previously deleted, as described above. One of the result- 
ing plasmids with the correct orientation of the insert relative to the 
CaMV 3&S promoter was selected for plant transformation and 
named pBIMDRMycl. 



Generation of AtPGPI -Specific Anu'serum 

A 613-fap Bglll-Hindlll fragment derived from pMDRPCR3 (see Anti- 
sense Construct, above) was cloned into the conesponding resUiction 
sites of the bacterial expression vector p6xHis-DHFR5(-2) (Stuber et 
al., 1990). The resulting plasmid permitted isopropyl p-o-thiogalacto- 
pyranoside-induciblc expression in Escherichia coli of a fusion pro- 
tein consisting of an N -terminal histidine hexamer followed by a 
derivative of the mouse dihydrofolate reductase fused to part of the 
AlPGPl protein (amino acids 340 to 544) that contained the first ATP 
binding domain. The fusion protein was purified from B. coti lysaies 
by nickel chelate affinity chromatography using its histidine affinity 
tag. according to Stuber et al. (1990). The eluied protein was further 
subjected to SDS-PAGE. After Coomassie Brilliant Blue R 250 stain- 
ing, the gel slice containing the fusion protein was cut out, crushed, 
and directly used to immunize rabbits. Immunization and preparation 
of antiserum were performed by Eurogcntec fScraing. Belgium). 



Plant Transformation and Selection 

Plant Uansformation plasmids were elecUoporated into Agrobacte- 
rium lumefaciens GV3iai (Van Larebeke ct al.. 1974) as described 
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by Wen-jun and Forde (1989). The in-the-plant Agrobacterium-medi- 
ated transformation by vacuum infiltration was used os described 
previously (Bechtoid ct af., 1993), with the foliowing modincations. 
Plants were infiltrated for 20 min without using a vacuum, and the 
infiltration medium (3.3 g/L MS salts. 0.112 g/L Gamborg's B5 
vitamins, 0.5 g/L Mes. 5% {w/vj sucrose, and 0.044 jtM 6-ben3rylami- 
nopurine) contained 0.03% Silwet L-77 (Union Carbide Corp.. Dan- 
bury, CT). T| seeds were collected, dried at 29*"^ and sown on sterile 
media contalnrng 50 jtg/mL kanamycin to select the transformants. 
Surviving T» plantlets were transferred to soil to set seeds (Tj). The 
segregation frequency of the Tj generation with regard to kanamycin 
resistance was determined on selective media. Seeds (T3) of trans- 
genic lines segregating for l^anamycin resistance in a Mendeiian ratio 
of 3:1 typical for a single integration iocus were colleacd and again 
sown on selective media. Tj plants were assumed to be homozygous 
for the transgene if all of 50 to 150 progeny seedlings were kanamy- 
cin resistant. 



RfJA ExUaction and Gel Blot Analysts 

After homogenizing plant tissue in liquid nitrogen with a mortar and 
pestle, we prepared lota) RNA by the hot phenol method and LiCI 
precJpiiaUon, as described previously (Dudler and Hertig, 1992). RNA 
gel blot preparation and hybrid Izailon were performed according to 
standard procedures (Maniatis et al.. 1982). The ^^p-iabeled 1.9-kb 
insert of pMDRPCR123 was used as a probe. 



Protein Extraction and Gel Blot Analysis 

Arabidopsis tissue was homogenized in 3 volumes of homogeniza- 
Uon buffer (50 mM Hepcs-KOH. pH 7.5, 5 mM EOTA, 0.1% BSA. 1 
mM phenylmeihylsulfonyl fluoride. 2 mM OTT, 1% (w/v] polyvi- 
nylpolypyrrolidone. 0.1 mg/mL butytated hydroxytoluene. and 0.25 
M sucrose) in a Waring blender, filtered through two layers of 
cheesecloth, and cenirlfuged at lOOOg for 1 5 min to remove debris. 
The microsomal membrane fraction was pelleted from the superna- 
tant by ullracenuifugatton at lOO.OOOg for 30 min. The pellet was re- 
suspended in a buffer containing 5 mM Tris-HCl. pH 7. 2 mM EDTA, 
and 250 mM sucrose with the aid of a Potter homogenizer {Huber, 
Reinach. Switzerland). Protein concenirotions were determined us- 
ing the Bio-Rad protein assay. Aliquois were denatured by the addi- 
tion of a 0.25 volume of 5 X sample buffer (60 mM Tris-HCl pH 6.8. 
15% SDS. 25% glycerol. 5% 0-mercaptoethanol. and 0.1% bro- 
mophenol blue), incubation at 60"C for 1 5 min, and sonication for an- 
other 15 min in a sonication water bath (47 kHz; Bransonic. Aasoest, 
The Netherlands). It was of crucial importance tfial the membrane 
vesicles were denatured in the largest possible volume; otherwise. 
AtPGPl did not enter the separating gel. 

Proteins were separated on 7% SOS-polyacrylamide gels and 
transferred to nilrocellulose filters (0.45-jim pore size; Millipore. Bed- 
ford, MA) by using a semidry blotting apparatus (Pharmacia-LKB, 
Uppsala. Sweden). For immunodetection of AiPGPI, the blots were 
blocked in TBS (20 mM Tris-HCl. pH 7.5. 137 mM NaQ. and 0.1% (v/ 
vj Tv^een 20) containing 7.5% (w/v) rw^nfai dry milk powder and incu- 
bated in a 1:1000 dilution of anti-AtPGPI antiserum. Blots were 
washed. Incubated with goat anti-rabbit horseradish peroxidase- 
conjugated secondary antibody, and developed using a chemilumi- 
nescenl immunodetection system (ECL: Amersham International) ac- 
cording to the manufacturer's directions. Milk powder was included 



in all incubation steps and washes except the last wash t>efore the 
addition of the detection substrate. 

For densitomeiric analysis, the autoradiogram of the gel blot was 
scanned with a flatbed scanner, and the resulting image was pro- 
cessed with the National Institutes of Health Image software package 
(Macintosh version 1.60), which allowed integration and quantifica- 
tion of signals. 



E>en5ity Gradient Fractionation of Membrane Vesicles 

The microsomal membrane fraction was isolated as desaibcd 
above, but the vesicles were resuspended in gradient buffer (10 mM 
Tris-Mcs. pH 7.0. 1 mM DTT, and 0.1 mM phenylmethancsulfonyl 
fluoride) containing 250 mM sucrose. A continuous gradient from IS 
to 45% (w/v) sucrose in gradient buffer was poured with the aid of a 
gradient former (Auto Density Flow II: Buchler Instruments. Fort Lee. 
NJ). After uttracenuifugation at 49.000 rpm for 6 hr in a TV 850 rotor 
(Son/all. Newtown. CT), gradient fractions were collected, and 0.2 
ml of 5 X sample buffer was added to each O.B-mL fraction. Frac* 
tions were frozen tn liquid nitrogen and stored at -BO^C until used. 
Protein gel eleclrof^wesis. Wottmg. and inrumunodetection of AtPGPl 
were performed as described above. To detect c-Myc-tagged AtPGPl. 
monoclonal antibody 9E10 (1:1000; Calbiochem. La Joila. CA) and 
horseradish peroxidase-conjugated goat anti-mouse secondary an- 
titxxly (1:3000: Bio-Rad) were used. The antibodies against marker 
proteins were a gift of A.R. SchSffner. Ludwid-Maximiiian University. 
Munich. Germany (chicken anti-PIP; Kammerloher et al.. 1994). M. 
Chdspeets. University of California. San Oiego (rabbit anti-BiP). and 
M. Maeshima, Institute of Low Temperature Science. Hokkaido 
University. Sapporo. Japan (rabbit anti-VM23; Maeshima. 1992). The 
antisera were used at a dilution of 1:1000, and detection was 
achieved with a 1:3000 dilution of the corresponding specific horse- 
radish peroxidase-coupied secondary antibody (Bio-Rad) and the 
ECL chemilumincscent detection system (Amersham International). 



Histochemical GUS Staining 

Histochemical detection of GUS activity was performed with whole 
seedlings or plant parts. As negative conu-ols. untransformed plants 
were used. Tissue was vacuum InfilUated for 2 min with fixing solu- 
tion (0.01% Sllwet L77 detergent (Union CartJide Corp.], 0.3% form- 
aldehyde. 10 mM Mes. pH 6.5. and 0.3 M mannitol) and incubated for 
45 min at room temperature. Alter washing three times in 50 mM 
NaP04. pH 7, the tissue was incubated in the same buffer containing 
1 mM 5-bromo-4-chioro-3-indolyl p-O-glucuronic acid at 37*C for 16 
hr. Chlorophyll was then eluted by incubation in 70% ethanol at 
37'C. 



In Situ Hybridization 

Digoxigeriin- labeled sense and antisense RNA prot)es were syr^hesized 
using the digoxigenin RNA labeling kit (Boehringer Mannheim). The 
template was pMDRPCR4, a pBluescript SK-r vector containing a 
1080-bp-Jong partial AtPCPI cDNA amplified by a reverse tran- 
scriptase-polymerase chain reaction procedure that covered part of 
exon 8. exon 9, and part of exon 10 (from positions 3418 to 4657 in 
Figure 1 of Dudler and Herllg (1992D. In situ hybridization to 8-jim- 
thick Paraplast (Sigma) sections of 3- to 5 -day-old fonnaldehyde- 
fixed Arabidopsis seedlings was performed according to Jackson 
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(1991). with the modifications described by Lincoln et al. (1994). Ri- 
boprobes were used at a concentration of M).6 ng/n.L. Whole-mount 
in situ hybridization was performed with roots Of 3- to 5-day-old 
seedlings of Arabidopsis according to Tautz and Pteifle (1989) and 
exactly as described by Ludevid et al. (1992). 



Tissue Sections and Immunohistochemistry 

Seeds were germinated arnJ grown submerged in liquid MS medium 
at 24*C on a rotary shaker at 90 rpm forlO to 14 days. Leaves and 
stems were placed on a slice of polysiyroi. and sections v^e cut by 
hand as thin as possible with a razor blade. Sections were immedi- 
ately transferred to microtiler plates and fixed with pFA fixath/e (3.5% 
p-formaldehyde, 50 mM sucrose, 0.01% Silwet L-77, and 90 mM so- 
dium phosphate. pH 6.8) for at least 3 hr at room temperature. Sec- 
tions were washed for 30 min and then twice for 10 min In washing 
tjuffer (90 mM sodium phosphate and 0.2% glycine, pH 7.2). incu- 
bated in blocking buffer (1 50 mM NaCI. 1 .5% (w/v) BSA. 0.03% (w/vj 
NaNj, and 50 mM sodium phosphate. pH 7.5) overnight at ^X. and 
finally Incubated v/iih a 1:3000 dilution of the monoclonal antibody 
9E10 (Calbiochem) in blocking buffer for 24 hr at 4'C. The tissue sec- 
tions were then washed twice for 15 min with blocking buffer and in- 
cubated in a 1:150 dilution of dichlorotriazynil aminofluorcscein 
(DTAF)-<oupled goat anti-mouse IgG secondary antibody (Jackson 
Immune Research Laboratories. West Grove. PA) in blocking buffer. 
Alt following steps were conducted under light-tight conditions. After 
an incubation period of 18 to 24 hr at 4''C. sections were washed 
twice with blocking buffer and once with 90 mM sodium phosphate. 
pH 7.5. For nuclear staining, sections were incubated in 3 ^.g/mL 
4',6-diamidino-2-phenyIjndole (Sigma) in 90 mM sodium phosphate. 
pH 7.5. for 45 min. Cell walls were stained with 0.02% (w/v) calco- 
fiuor white M2f^ (Sigma) in 90 mM sodium phosphate. pH 7.5. for 5 
min. Finally, the sections were rinsed once in 90 mM sodium phos- 
phate. pH 7.5, and incubated for 5 min in mounting solution (50% 
glycerol. 0.02% p-phenylenediaminc, 75 mM NaCI. and 50 mM Tris- 
HCI. pH 8) before being mounted on a microscope slide and covered 
with a coverslip, the edges of which were sealed with nail polish. 

The sections were examined with an inverted confocal laser scan- 
ning microscope (Leica, Heidelberg, Germany) equipped with the ap- 
propriate niter sets (BP 522/32-FITC ILeical for DTAF. LP 590 nm 
ILeica] for the autofluorescencc of chloroplasts. and BP 455/30-DAPI 
ILeicaj for DAPI and calcofluor white M2R). FluorescerKe images of 
the separate channels were digitized with the Leica Scanware soft- 
ware and merged by using Adobe Photoshop version 4.0 (Adobe 
Systems Inc.. San Jose. CA). 
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